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ABSTRACT

Micromechanical Modeling and Evaluation of ProcessInduced Residual Stresses in 3D Woven Composites
by
Kostiantyn Vasylevskyi
University of New Hampshire
May, 2021
3D woven carbon/epoxy composites are high-performance materials with superior thermomechanical and physical properties making them an integral part of the aerospace, energy and
automotive industries. However, under certain manufacturing conditions, these composites may
accumulate severe intrinsic manufacturing-induced residual stresses which can even lead to
microcracking. The complex reinforcement architecture makes analytical, numerical and
experimental analysis of these composites challenging. This research has been focused on
micromechanical analysis, computational modeling, and experimental characterization of 3D
woven carbon/epoxy composites aiming to evaluate the manufacturing-induced residual stresses
and enable mitigation of their negative impact on the resulting performance. A procedure to
develop high-fidelity meso-scale finite element models with as-woven representation of the
composite reinforcement informed by the μCT scanning was proposed. A set of meso-scale models
for different reinforcement architectures was produced and utilized to predict the accumulation of
intrinsic manufacturing-induced residual stresses in these composites. The models were correlated
to the blind hole drilling experiments and used for interpretation of the experimental results
providing full-field spatial distribution of the residual stresses accumulated in the composite
specimens. A new simplified approach to account for nonlinear effects in the material due to severe
residual stresses using linearly-elastic models was proposed. A set of parametric numerical studies
was performed to improve correlation of the models with the experimental measurements. The
developed meso-scale models were used to predict effective coefficients of thermal expansion for
the composites with temperature-dependent properties of the constituents. Methods presented in
this work provide valuable tools for the field of computational and experimental mechanics of
textile composite materials.
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I. INTRODUCTION
3D woven composite materials are widely used in aerospace, energy and automotive
industries due to their lightweight, high strengths, dimensional stability, delamination, fatigue, and
impact resistance. Presence of a continuous reinforcement in all three directions gives these
materials an advantage comparing to traditional laminates allowing to tailor mechanical properties
in all three dimensions, see for example Tong et al. (2002).
One of the manufacturing processes to produce these composites is resin transfer molding
(RTM), see Falcone et al. (1993). This process starts with a 3D woven textile fabric which is
produced using weaving looms, for example computer-controlled Jacquard loom, see Rudov-Clark
et al. (2003). The textile is then placed into a preheated mold, degassed if needed, and injected
with liquid epoxy resin. Depending on resin viscosity, the injection may be performed under
increased pressure or be vacuum-assisted (Plummer et al. (2016)). Finally, the resin is cured at a
certain elevated temperature following a curing schedule specified by the manufacturer, and then
the composite part is demolded and cooled down to room temperature, see Hu (2008).
Composites produced using this technique may sometimes accumulate intrinsic
manufacturing-induced residual stresses, see for example Heinrich et al. (2013) and GuevaraMorales and Figueroa-López (2014). By adding reinforcement in the third direction, the magnitude
of these residual stresses is naturally increased as compared to laminated, 2D woven or other
fibrous composites. For certain reinforcement weave architectures, the magnitude of the residual
stresses can become significant enough to impair the composite performance (impact resistance,
strength, fatigue resistance etc.) and even cause microcracking in the matrix phase, see Tsukrov et
al. (2011), Drach et al. (2018).
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Fig. I.1: Micro computed tomography (μCT) image of orthogonally reinforced carbon/epoxy composite material
with microcracks. Tows – resin-impregnated carbon fibers

Fig. I.1 demonstrates microcracking observed in an orthogonally reinforced carbon/epoxy
composite plate produced using RTM technique. It illustrates a possible effect of the
manufacturing-induced residual stresses on the integrity of these composites. Thus, it is of a great
interest to evaluate the accumulated intrinsic manufacturing-induced residual stresses and
potentially mitigate their negative influence on the composite performance.
One of the approaches to analyze residual stresses in a solid material is to utilize a
combination of hole drilling experiments and analytical or numerical analysis of the stress-strain
state based on the experimental measurements. The idea is to release some amount of the residual
stress by drilling a hole in a material specimen. Due to the release of the residual stresses caused
by the material removal, the surface of the specimen around the hole experiences the deformation
which can be measured using various experimental methods, e.g. strain gauge measurements,
Moire interferometry, digital image correlation (DIC), and electronic speckle patterns
interferometry (ESPI). Often, if the residual stress is distributed uniformly within the material, its
distribution and magnitudes can be obtained using analytical formulae, see for example Lekhnitskii
(1963), Dı́az et al. (2000) and Pisarev et al. (2014). However, in the case of 3D woven composites,
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due to their high level of inhomogeneity and complex internal microstructure, the distribution of
residual stress is highly non-uniform and cannot be calculated using the analytical methods.
It has been shown that meso-scale finite element modeling can be successfully used for
prediction of accumulation of the residual stresses in 3D woven composites, see for example
Tsukrov et al. (2011), Drach et al. (2018), Vasylevskyi et al. (2020). Such numerical modelling
allows to predict full-field distribution of residual stresses in the composite phases, and evaluate
their contribution to the overall material response. Additionally, it can be used to perform
parametric numerical studies to provide recommendations for the material manufacturers on
various production parameters such as reinforcement architecture, processing temperatures, curing
schedules, compaction etc.
In this research, we present a set of meso-scale finite element models of 3D woven
carbon/epoxy composites with as-woven reinforcement representation. The modeling was
informed by μCT scanning to improve its accuracy in terms of the geometric representation of the
preform and composite specimens’ surface representation. Additionally, μCT scans were used to
inform incorporation in the models of such composite manufacturing conditions as preform
compaction and deformation in the mold. New numerical methods for the development of such
models have been introduced allowing to significantly improve the accuracy of the composite
reinforcement representation.
The models have been correlated to the blind hole drilling experiments and used to predict
spatial distribution and magnitudes of the manufacturing-induced residual stresses. A simple and
efficient method to account for the nonlinear effects in the composite phases with linearly-elastic
models has been proposed. This method has been used to interpret the hole drilling measurements
and obtain approximate predictions for the residual stresses in such composite material specimens.
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A set of numerical studies has been performed to predict effective coefficients of thermal
expansion (CTE) of the 3D woven composites using the developed meso-scale models. Influence
of the composite material being cured at elevated temperature on the methodology of predicting
the effective CTEs has been evaluated. It has been shown that, if the mechanical or thermal
properties of the composite’s constituents are temperature-dependent, the fact that the composite
is cured at elevated temperature must be taken into account for accurate predictions of effective
CTEs of the composite.
This dissertation is organized as follows. Section II provides description of the modeling
procedure used to develop meso-scale finite element models of the 3D woven composites’ unit
cells. Section III deals with simulations of the manufacturing-induced residual stresses
accumulation and blind hole drilling experiments. Section IV contains results of the correlation of
the meso-scale models with the experimental measurements and describes an approach to account
for the potential nonlinear effects and residual stress relaxation in the composites using linearlyelastic models. Section V provides results of the numerical prediction of the coefficients of thermal
expansion for various 3D woven composites and how the predictions of the CTEs are affected by
the composite being cured at elevated temperature. The conclusions are provided in the last section
which is followed by the list of references.
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II. DEVELOPMENT OF FE MODELS OF 3D WOVEN COMPOSITES
In this chapter we provide a description of the procedure to develop meso-scale finite
element models of 3D woven composite materials. A combination of μCT scanning and numerical
methods to develop as-woven geometric representation of the composite reinforcement, and finite
element meshes of the reinforcement and matrix phases is presented. The results, shown here, have
been published in Vasylevskyi et al. (2019), Ewert et al. (2019), Vasylevskyi et al. (2020) and
Vasylevskyi et al. (2020).

II.1. Introduction
On the meso-scale, woven composites can be described as materials consisting of two
phases: tows (reinforcement) and matrix (see Fig. II.1). The tows, in turn, are subdivided into
warps, wefts and binders depending on their direction within the reinforcement. The matrix phase
is usually a homogeneous material, e.g. epoxy resin. The tows phase is represented by bundles of
fibers impregnated with epoxy resin and treated as a composite material on the micro-level.
Development of FE models of 3D woven composites includes creation of the geometrical
representation of the composite reinforcement, finite element mesh based on this representation
for both tows and matrix phases, micromechanical modeling of elastic and thermal properties of
the tows as fibrous composites, formulation of boundary conditions and loadcases, etc.

Tows

Matrix

Fig. II.1: Structure of an orthogonally reinforced 3D woven composite on meso-scale
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Meso-scale numerical modeling of 3D woven composites begins with development of
geometrical (solid) representation of the composite’s reinforcement fabrics. Due to the periodicity
of the 3D woven preform architecture, a simulation of the smallest repeatable portion of the
composite (unit cell or UC) is sufficient. There are three general approaches to generate solid
models of the reinforcement. Geometric approach is when the reinforcement architecture is
obtained based on the geometrical parameters of the tows’ cross-sections (area, shape, etc.) and
reinforcement volume fraction, see for example Isart et al. (2015), Wintiba et al. (2017), and
Brown and Long (2021). Mechanical approach is when reinforcement representation is obtained
using a digital elements method simulating interaction between tows and allowing as-woven
representation, see for example Wang and Sun (2001), Verpoest and Lomov (2005), and Döbrich
et al. (2014). Microscopy-based modeling approach is when the reinforcement representation is
directly extracted from the micro computed tomography (μCT) scans, as shown in Naouar et al.
(2014), Straumit et al. (2015) and Ewert et al. (2020). In this research we utilized a combination
of mechanical and μCT-based approaches to obtain as-woven geometrical representation of the
composite reinforcement UC, namely using Digital Fabric Mechanics Analyzer (see Wang and
Sun (2001), Miao et al. (2008)) informed by μCT scans of the composite (see Vasylevskyi et al.
(2019), Vasylevskyi et al. (2020)).
The FE mesh of the composite UC is developed based on the solid representation of the
reinforcement. Two types of finite element meshing strategies exist: the first approach is the
voxelized mesh, where the reinforcement and matrix are meshed using uniform hexahedral
elements, see for example Hirsekorn et al. (2018), Yan et al. (2019), and Ewert et al. (2020). This
is often used in combination with microscopic-scans-based modeling approach. The second
approach is to discretize tows and matrix using conformal meshing as shown in Lomov et al.
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(2007), Drach et al. (2014), Green, Matveev, et al. (2014), Joglekar and Pankow (2017), Patel et
al. (2018) and Yan et al. (2019). It implies meshing of either outer surfaces of each tow with
surface mesh and filling the space inside the tows with solid elements (tetrahedral or hexahedral)
or meshing the tows with solid elements using solid geometric representation. There are several
challenges at the meshing stage including requirement for the mesh to be periodic (congruent mesh
on opposite faces of the UC) for the application of periodic boundary conditions, and the mesh has
to be interpenetration-free, meaning that neighboring tows cannot intersect. Another issue is that
the location of the UC within the reinforcement has to be chosen to avoid meshing difficulties
related to the solid representation of the tows being cut to the size of the UC. Additionally, the
tows’ mesh needs to have material orientation assigned due to material anisotropy, the finite
element meshes of the UC must be distortion free and fine enough to accurately capture the steep
stress and strain field gradients etc.
The outline of the approach to produce FE meshes for 3D woven composites used in this
research was presented in Drach et al. (2014). Multiple advances to the existing technique are
proposed in this chapter aimed at the improve accuracy of the geometric representation modeling,
interpenetration removal, mesh periodicity enforcement, UC top and bottom surface meshing to
account for preform compaction in the molding process and uneven resin distribution on top and
bottom surfaces of the composite plates.
Mechanical and thermal properties of the resin-impregnated fibers (tows) have to be
evaluated using micromechanical modeling. Typically, tows phase is treated as unidirectional
composite material with transversely-isotropic symmetry. The homogenization of these
composites is well described in literature and can be defined using self-consistent micromechanical
model, see Kröner (1958), Hill (1965) and Budiansky (1965), Mori-Tanaka scheme, as shown in
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Mori and Tanaka (1973) and Benveniste (1987), composite cylinder assemblage scheme, see
Hashin and Rosen (1964) and Hashin (1990), Chamis formulae (Chamis (1989)), HashinShtrikman upper and lower bounds as in Hashin (1979), etc. In this research we use
micromechanical modeling approach as described in Tsukrov et al. (2012).
Table II.1 shows the list of 3D woven composite architectures considered in this research.
FE models were developed for three different patterns of the reinforcement architecture: plain
weave, ply-to-ply, and orthogonal. “Picks per Inch” (PPI) provides information on number of warp
and weft columns in a single UC. All three patterns have different levels of through thickness
reinforcement with plain weave being the least reinforced and orthogonal being the most
reinforced architecture in the out-of-plane direction.
Table II.1: List of different 3D woven composite reinforcement architectures considered. Volume Fractions of
Warp and Weft tows are calculated based on the idealized geometry of the tow
ID
UNH-001

Picks Per Inch
12x10

Pattern
ply-to-ply

Warp Vf
36.2%

Weft Vf
32.6%

UNH-002

12x12

ply-to-ply

37.4%

39.1%

UNH-003

10x10

ply-to-ply

30.1%

32.6%

UNH-004

10x10

plain weave

33.5%

32.6%

UNH-005

10x12

ply-to-ply

31.2%

39.1%

UNH-006

10x8

ply-to-ply

29.7%

26.1%

UNH-008

10x10

orthogonal

36.4%

32.6%

II. 2. Development of solid models of the composite reinforcement using
combination of μCT scanning and numerical modeling
In this section the development of solid models of the composite reinforcement is
described. To obtain as-woven representation of the reinforcement we utilize Digital Fabrics
Mechanics Analyzer (DFMA), see Wang and Sun (2001) and Miao et al. (2008). This software
allows to produce models of the tows represented as bundles of interconnected digital fibers
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(similar to truss finite elements) through a series of relaxation simulations. Tension is applied to
the ends of the digital fibers which are subdivided into larger number of digital fibers with smaller
cross-sectional areas and stresses are relaxed allowing to simulate deformation of the tows due to
their mutual contact. As a result, the output geometry of the reinforcement is obtained. It must
have the same volume fractions of the tows and out-of-plane thickness as the actual composite. As
an input, DFMA requires such information as preform pattern schematics, number of filaments in
the tow, cross-sectional area of the initial digital chain (which can be calculated knowing a single
filament diameter and volume fraction of fibers in the tow), density of the fibers and the elastic
moduli in longitudinal and transverse directions. Fig. II.2 provides an example of such process for
the orthogonally reinforced composite.

(a)

(b)

(c)

Fig. II.2: Representation of the 3D woven composite preform, (a) schematics of the reinforcement architecture, (b)
initial representation in DFMA, (c) output representation

Since DFMA produces purely simulated reinforcement models based on the interaction of
the neighboring tows only, some processes occurring during actual weaving may not be taken into
account. For example, the compaction of the preform in the mold usually causes deformation of
the tows, especially those closer to the surface. This effect is not taken into account during the
relaxation simulations in DFMA. Additionally, if the models are used to simulate behavior of a
particular composite specimen (e.g. for simulation of hole drilling experiments) and need to be as
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close as possible to the actual material, DFMA cannot take into account potential irregularities in
the weaving (tows columns not being vertically straight, merging of neighboring tows, etc.).
Lastly, a simulated preform may require additional adjustments to make sure that volume fractions
of different tow types correspond to the actual material specifications. Thus, to increase accuracy
of the reinforcement representation, μCT scanning is utilized to inform numerical modeling.

II. 2.1.Utilizing μCT scanning to inform numerical modeling
X-Ray micro-computed tomography scanning is a valuable tool which can be used to
obtain information about internal structure of fibrous polymer composites without damaging or
destroying the material specimens, see for example Garcea et al. (2018). The images can be used,
for example, to evaluate damage within a composite specimen, see Schilling et al. (2005) or
estimate amount of manufacturing-induced voids, as shown in Melenka et al. (2015), etc. Often,
the μCT data is used directly to obtain FE models of the composite specimens, see for example
Sencu et al. (2016) and Ewert et al. (2020).
In this research, we use the μCT scanning to inform reinforcement modeling process both
qualitatively and quantitatively. For this purpose, a set of μCT scans for three different 3D woven
composite specimens (ply-to-ply UNH-001 and UNH-006 and orthogonal UNH-008) were
obtained using ZEISS Xradia 610 Versa apparatus (www.zeiss.com). Table II.2 provides details
on the scanning parameters.
Table II.2: μCT scanning parameters
ID
UNH-001
UNH-006
UNH-008

Voltage,
kV
40
80
50

Power,
W
3
10
4.5

FOV size, μm
12275×12275
19262×19262
10268×10268

10

Pixel size,
μm
5.99
9.41
5.01

Resolution,
px
2048×2048
2048×2048
2048×2048

Exposure
time, s
25
3.15
13

Fig. II.3 demonstrates axonometric projections of the composite panels’ scans obtained
based on the reconstruction of μCT images. The reconstruction is performed automatically using
ZEISS image reconstruction software. These projections can be sectioned and the images of these
sections can be used to estimate such parameters of the material as volume fraction of the tows,
amount of microcracking in the specimen if any, etc. The images can also unveil potential
deformations of the preform due to compaction and weaving errors.

(a)

(c)

4mm
(b)

Fig. II.3: Axonometric projections of (a) ply-to-ply UNH-001, (b) ply-to-ply UNH-006 and (c) orthogonal UNH008 composite plate specimens based on μCT images

Several types of features can be distinguished from the scans which are not included in the
simulated reinforcement. Fig. II.4 demonstrates selected examples of such features. First feature
is weaving irregularities: in both ply-to-ply specimens, weft and warp columns are not vertically
straight, and the top and bottom surface tows are apparently shifted away from the columns they
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belong. In Fig. II.4 (a) and (b) the shifted tows are circled. Also the orthogonally-reinforced
composite specimen has a pair of irregular binder columns, see Fig. II.4 (d), where this irregularity
is circled. The second effect is influence of the compaction and/or insufficient tension applied to
the binder tows during weaving on the deformation of certain tows. For the orthogonallyreinforced specimen, the binder tows take Ω-shape, see Fig. II.4 (c). Another feature is that all the
specimens have the top and bottom surface tows flattened by the compaction process, see Fig. II.4
(a), (b) and (c) It can also be seen that the layer of epoxy resin on the specimen surfaces is either
negligibly thin or absent which results in tows being not covered by the resin at all.

1000 μm

(a)

(b)

(c)

(d)

Fig. II.4: μCT images of (a) UNH-001, (b) UNH-006 ply-to-ply composites, and (c) UNH-008 orthogonal
composite containing weaving irregularities

The weaving irregularities are difficult to include in the reinforcement simulation process
because it would interfere with the periodicity of the simulated unit cell. So, this issue is not
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addressed in the current research. However, the deformation of the binder tows in the orthogonal
specimen and surface resin layer effects are incorporated into the modeling of the composite
reinforcement. Note that modification of the UC top and bottom surfaces is discussed in Section
II. 4.1 as this modification is performed at the meshing stage.

II. 2.2. Ω-shape modification for the binder tows of the orthogonally reinforced composite
Before running DFMA simulations to obtain reinforcement representation for the
orthogonally reinforced composite, the DFMA input file (created based on the reinforcement
schematics and initial tows’ parameters) is modified to account for Ω-shaped binder tows. Namely,
initial coordinates of the digital elements representing binder tows are altered in a way that their
horizontal portions are made longer than in the original input. Fig. II.5 shows cross-section of the
orthogonal composite UC simulated using input file with (b) unmodified binder tows and (c) Ωshaped binder tows as a result of the manipulations with the DFMA input file. It is seen in the
image, that the modified DFMA is more realistic as compared to the actual μCT image.
(b)

(a)

(c)

5000 μm

Fig. II.5: Orthogonal reinforcement, (a) μCT scan, (b) unmodified DFMA, (c) enhanced DFMA
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After these manipulations, along with the improvement of the reinforcement morphology,
the simulated volume fractions of the tows have also improved significantly as compared to the
actual material. Table II.3 shows how volume fractions of warp, weft and binder tows improved
as a result of the modification of the DFMA input file.
Table II.3: Volume fraction of tows in orthogonally reinforced composite as measured from μCT and predicted by
DFMA

μCT
DFMA
Modified DFMA

𝑽𝒘𝒂𝒓𝒑 , %
31.6
26.6
31.6

𝑽𝒘𝒆𝒇𝒕 , %
29.0
33.3
26.8

𝑽𝒃𝒊𝒏𝒅𝒆𝒓 , %
6.8
8.42
7.37

As a result of DFMA simulations, the geometric representation of the composite
reinforcement is obtained as a point cloud describing surfaces of each tow in the unit cell, see
Drach et al. (2014) for more detail. It should be noted that at this stage, the reinforcement contains
significant amount of interpenetration and is not periodic.

II. 3. Periodicity enforcement and tow interpenetration removal
In order to make the data obtained as an output from DFMA suitable for creation of finite
element meshes, tow interpenetrations have to be removed and rigorous periodicity enforced. First,
point cloud data is converted to triangular surface mesh. To ensure the rigorous periodicity of the
UC, the cross-sections on one end of each tow are duplicated to the other end making crosssections intersecting the UC boundaries identical. Additionally, if certain tows exceed the
boundaries of the UC tangentially, these tows are duplicated entirely to the opposite boundaries.
These procedures are described in Drach et al. (2014). In this research, an alternative approach to
deal with UC periodicity is proposed. Instead of duplicating the tows intersecting the UC
boundaries only, all the tows near the boundaries are duplicated to the opposite sides of the UC
14

forming the reinforcement fabric domain. This allows to avoid meshing issues if the duplicated
portion of a tow is too small and provide additional flexibility in the choice of the UC location in
the reinforcement fabric. Fig. II.6 shows surfaces of the tows in a single UC as obtained from
DFMA surrounded by the duplicated tows. Such an approach allows to choose location of the
future UC Fig. II.6 (b), which is beneficial if certain portion of the reinforcement is required to be
away from the UC boundaries. It additionally makes process of the interpenetration removal more
robust, meaning that periodicity of the processed UC is not broken when surfaces of the tows are
adjusted.

(a)

(b)

Fig. II.6: Surfaces of tows of the orthogonally-reinforced composite, (a) UC as obtained from DFMA (in yellow)
surrounded by duplicated tows, (b) different locations of the new UCs for meshing

A set of custom scripts has been developed in ‘MATLAB version 9.0.0.341360 (R2016a)’
(2016) to automatically detect and duplicate the tows near the boundaries of the UC. The input
information is the size of the UC and the distance from UC boundary a tow must be within to be
marked for duplication.
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Once the surfaces of the boundary tows are duplicated, the interpenetrations must be
removed. Fig. II.7 demonstrates interpenetrations detected in the reinforcement after tows
duplication. All of them have to be removed in order to allow meshing of the matrix phase between
the tows.

(a)

(b)

Fig. II.7: Tows’ surfaces with interpenetrations highlighted (a) in the entire domain and (b) selected tows

An automated procedure to detect and remove interpenetration was developed and
implemented in MATLAB. The general algorithm is as follows:
1) Select a pair of tows as triangulated surfaces with sets of vertices and faces (triangles);
2) Check whether any vertices of the first tow are inside the closed surface formed by faces
of the second tow using Möller–Trumbore ray/triangle intersection algorithm (Möller and
Trumbore (1997)) which allows to detect whether a ray originating from a point in space intersects
a triangle in space. Such intersection is detected by defining barycentric coordinates of the raytriangle intersection point within this triangle. Counting the number of such intersections allows
to define whether the vertex is inside (odd number of intersections) or outside (even) of the surface;
3) Check whether any vertices of the second tow are inside the closed surface formed by faces
of the first tow;
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4) Store intersecting vertices for each tow;
5) For each intersecting vertex find the closest triangular face belonging to the neighboring
tow and store components of the normal vector to that triangular face 𝑛̅;
6) Modify coordinates of the intersecting vertices moving them along 𝑑̅ – vector in the
direction of the stored normal 𝑛̅ with |𝑑̅ | = ′𝑠𝑡𝑒𝑝′, see Fig. II.8 (a). Note that vertices of both tows
are modified simultaneously (Fig. II.8 (b)) which allows to avoid unrealistic tow shapes;
7) Perform steps 2-6 until no penetrating vertices are found.

(a)

(b)

Fig. II.8: Illustration of the vertex penetration removal, (a) single vertex example and (b) neighboring tows
simultaneous modification

Note that this penetration removal algorithm fails to remove interpenetrations caused by
the intersection of triangular faces without penetrating vertices, which usually occurs if ‘step’ is
chosen to be a small number. In such situation the intersection of two triangular faces is detected
using Möller triangle/triangle intersection test algorithm, see Möller (1998). As number of
triangular faces in each tow may be significant, an additional semi-automated algorithm was
developed to address this issue. It requires visual examination of the corrected tows to detect
specific tow pairs having such interpenetration. This is needed to avoid unreasonable
computational time needed to go over all the tows which may not have any interpenetrations left.
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Once interpenetrating tows are detected, the vertices belonging to the intersecting triangular faces
are moved towards the closest point on the central line of each tow simultaneously, see Fig.
II.9 (a). Note that the magnitude of this incremental displacement can be specified by the user.
(a)

(b)
*
*

*

Fig. II.9: Illustration of the edge penetration removal, (a) single edge pair example and (b) vertices moved towards
the center of the cross-section

Such an approach allows to remove all the interpenetrations between the tows. In addition,
the developed set of scripts permits to control distance between the neighboring tows for the finite
element mesh quality improvement. It allows to indirectly control change of the volume fractions
of certain tow groups by prescribing group-specific value of ‘step’, thereby increasing or
decreasing volume change rate for specific tow groups or even specified tows. The code also
provides the option of saving tows’ surfaces as stereolithography (.STL) files during the
penetration removal process for the purpose of easy examination of the results.

II. 4. Finite element mesh development
Interpenetration-free surfaces of the tows can be used for the reinforcement phase FE mesh
development. The location of the UC within the preform domain is chosen based on the desired
reinforcement morphology features to be present and tow surfaces are cut to the size of the UC
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(Fig. II.10) using Rhino 6 software (https://www.rhino3d.com/) and custom Python scripts as
shown in Ewert et al. (2020).

(b)

(a)

(c)

Fig. II.10: Surfaces of the tows cut to the size of the UC for (a) ply-to-ply, (b) plain weave, and (c) orthogonal
composite reinforcement architectures

The next step in mesh generation process is to build surface mesh based on the obtained
solid surfaces of the tows cut to the size of the UC. This is done using MSC Patran software
(https://www.mscsoftware.com/product/patran). The surface mesh is then exported to MSC Marc
Mentan (https://www.mscsoftware.com/product/marc) for the subsequent manipulations. Note
that the finite element size is chosen at this step and has to be sufficiently small so the mesh remains
uniform at the solid meshing stage (to avoid mesh distortion) and also to have at least 3 finite
elements through thickness of the tow’s cross-section if the final mesh is planned to be linear and
2 elements if the mesh is planned to be quadratic.
The output surface mesh from Patran meshing engine is usually not rigorously periodic as
new tows’ end caps are the curves obtained as intersections of the UC boundary planes and 3D
surfaces of the tows when the reinforcement surfaces are cut to the size of the UC. This means that
not all the tows’ surfaces endcaps are perfectly identical within a small enough tolerance. To avoid
this issue, a custom script is developed in MATLAB to enforce rigorous periodicity in the surface
mesh. It allows to automatically modify the coordinates of the nodes on the opposite tow’s ends
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by scanning through all of the nodes which belong to the UC boundaries, finding nodal pairs on
the opposite UC faces and adjusting coordinates of one of the nodes to match the other preserving
the distance between the UC boundaries. The output of the script is completely periodic surface
mesh of the composite reinforcement which can be used for solid meshing, see Fig. II.11.

(b)

(a)

(c)

Fig. II.11: Surface meshes of the tows with rigorous periodicity enforced for (a) ply-to-ply, (b) plain weave, and (c)
orthogonal composite reinforcement architectures

3D solid meshes of tow and matrix phases are obtained based on the surface mesh of the
tows. Solid mesh of the reinforcement is produced by creating flat caps made of planar elements
which close the tows’ surfaces and filling the interior by solid linear tetrahedral elements, see Fig.
II.12. Note that for brevity, an example based on the development of the orthogonal composite
mesh will be presented only.

(a)

(b)

Fig. II.12: Solid reinforcement mesh creation, (a) flat caps, (b) solid mesh of the reinforcement for the orthogonal
composite
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The matrix phase solid mesh is produced similarly to the tows. The normals of the
reinforcement surface mesh elements are flipped to make the preform mesh inside-out and planar
mesh closing the space between tows and top and bottom surfaces of the UC is created (Fig. II.13
(a)) to form a closed space. This space is meshed with solid tetrahedral or hexahedral linear
elements, see Fig. II.13 (b). Finally, the two meshes (tows and matrix) are combined together to
form a solid UC of the composite.

(a)

(b)

Fig. II.13: Solid matrix phase mesh creation, (a) flat space filling mesh, (b) solid mesh of the matrix for the
orthogonal composite

II. 4.1. Preform compaction effect and resin surface layer
Often times compaction of the composite fabric preform in the mold is performed, see for
example Falcone et al. (1993). This leads to flattened tows at the top and bottom surfaces of the
composite plates and extremely thin layer of epoxy on the surface of the plates (or even its absence
leading to the tows being exposed), see Fig. II.3 and Fig. II.4. These effects cannot be taken into
account if FE models are developed using preform geometric representation obtained from DFMA.
The compaction of the preform can be simulated numerically to use a deformed state of the tows
as an initial geometric representation. Green, Long, et al. (2014) for example performed
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simulations of the dry carbon fiber preform compactions using commercially available software
LS-DYNA where the tows were represented as bundles of chains of beam elements. However,
such simulations are computationally challenging and pose multiple complications for the further
analysis such as violation of the periodicity due to the Poisson effects, closing of the gaps between
the tows making mesh generation a much more challenging task as compared to non-interacting
tows case scenario, etc. We propose a procedure to include both flattening of the preform and
surface resin layer absence into the FE models of the composite UCs without actually simulating
the compaction process for the dry woven fabric.
The nodes belonging to the finite elements closer to the top and bottom surfaces of the UC
are manually chosen based on the level of “compaction” and stored in sets (top surface nodes and
bottom surface nodes). Then the mesh is modified using a custom script in MATLAB so that the
out-of-plane coordinates of the top surface nodes are all equated to the out-of-plane coordinate of
the physically lowest node in the set (with the smallest out-of-plane coordinate). Similarly, the
out-of-plane coordinates of the bottom surface nodes are equated to the coordinate of the physically
highest node (with the largest out-of-plane coordinate) in the bottom surface nodal set, see Fig.
II.14.

(a)

(b)

Fig. II.14: Surface mesh of the tows (a) unmodified and (b) “compacted”
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Once the surface mesh is “compacted”, similar methodology is used to develop solid
meshes as for the case of original reinforcement, when the closed space inside the tows if filled
with solid tetrahedral elements. In contrast, the matrix phase mesh is produced in a different way.
Instead of closing space occupied by the matrix phase with flat rectangular surfaces as shown in
Fig. II.13 (a), a set of more complex endcaps have to be produced, and additionally the tows’
surface mesh must be modified. The corresponding modifications are as follows: flat portions of
the tows must be removed to allow tow phase solid mesh to be exposed on the surface (Fig. II.15
(a)), and top and bottom endcaps must be of complex shape repeating shapes of the flat regions of
the tows (Fig. II.15 (b)).

(a)

(b)

Fig. II.15: Surface mesh used to produce solid mesh for the matrix phase in the model with “compacted” preform
(a) modified tows’ surface mesh, (b) endcaps

This operation increases volume fraction of the reinforcement by mostly lowering the
volume of the matrix phase, see Table II.4. Thus, if there is a need in a simple way to account for
the influence of compaction and resin surface layer thickness being zero on the material behavior
near the UC surface (e.g. simulations of the hole drilling experiments for the residual stresses
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evaluation), then this approach can be used to avoid costly numerical computations and additional
material modeling needed for actual preform compaction simulations.
Table II.4: Volume fractions of tows and volume of tows and matrix phases for the UCs with (reg.) and without
(comp.) resin layer as in the FE models
3

Vf, %
Warp

Warp

Weft

Weft

Warp

Warp

V, mm
Weft
Weft

reg.

comp.

reg.

comp.

reg.

comp.

reg.

UNH-001

37.6%

40.8%

35.1%

37.5%

127.7

126.2

UNH-002

34.6%

37.1%

39.3%

41.3%

97.9

UNH-003

35.8%

38.3%

40.9%

42.3%

UNH-004

35.8%

37.3%

35.8%

UNH-005

23.0%

25.0%

UNH-006

34.8%

UNH-008

39.0%

ID

Matr.

Matr.

comp.

reg.

comp.

119.2

115.8

92.9

67.1

97.3

111.3

108.3

74.0

56.6

140.5

139.4

160.5

153.8

91.8

70.8

37.3%

35.9

35.6

36.0

35.6

28.6

24.2

46.2%

47.7%

77.0

76.2

154.4

145.5

103.2

83.5

36.9%

27.9%

29.5%

173.1

171.4

138.9

137.1

186.1

156.6

41.5%

26.8%

27.2%

39.4

39.2

27.1

25.7

34.5

29.6

II. 4.2. Boundary conditions and loadcases
As these composites are periodic materials, the periodic boundary conditions must be used
in the simulations. It is dictated by the requirement of compatibility of the nodal displacements on
the opposite surfaces of the UC to preserve continuity of the material, e.g. as shown in van der
Sluis et al. (2000), Whitcomb et al. (2000), Li (2001), Lomov et al. (2007), Tsukrov et al. (2012).
The periodic boundary conditions are formulated as:
𝑢𝑖+ = 𝑢𝑖− + 𝛿𝑖 , (𝑖 = 𝑥(𝑤𝑎𝑟𝑝), 𝑦 (𝑤𝑒𝑓𝑡), 𝑧)

(II. 1)

where 𝑢𝑖+ and 𝑢𝑖− are nodal displacements on the “positive” and “negative” faces of the UC and 𝛿𝑖
is an average relative displacement of these opposite faces in the ith direction. Note that, due to the
UCs representing entire thickness of the composite plates, only in-plane periodic boundary
conditions are used in current models.
A set of boundary conditions is prescribed to calculate effective elastic properties of the
material. Namely, the UC is subjected to 6 loadcases (3 uniaxial tension and 3 pure shear). In every
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loadcase a certain macroscopic small strain is prescribed to the UC in a corresponding direction or
shearing plane while other 5 components of the strain are equal to 0. The macroscopic average
stress is then calculated within the UC and stored. Once all of the loadcases are simulated, the
effective compliance ̅
𝑺 of the composite can be calculated using Eq. (2) assuming that its overall
behavior is orthotropic.
𝜀̅𝑥𝑥
𝜎̅𝑥𝑥
𝜀̅𝑦𝑦
𝜎̅𝑦𝑦
𝜀̅𝑧𝑧
𝜎̅𝑧𝑧
̅
𝜀̅𝑦𝑧 = 𝑺 ∙ 𝜎̅𝑦𝑧 ,
𝜀̅𝑧𝑥
𝜎̅𝑧𝑥
{𝜀̅𝑥𝑦 }
{𝜎̅𝑥𝑦 }
1

(II. 2)

1

where 𝜀̅𝑖𝑗 = 𝑉 ∫𝑉 𝜀𝑖𝑗 𝑑𝑉 – is the average macroscopic strain components and 𝜎̅𝑖𝑗 = 𝑉 ∫𝑉 𝜎𝑖𝑗 𝑑𝑉 are
components of average macroscopic stress. Note that i, j = x, y, z. More detailed description is
given in Drach et al. (2014).
Thermal boundary conditions are prescribed to all the models as well. They are used to
simulate cooling after curing of the composites during manufacturing process. The thermal
loadcase includes a uniform temperature change ∆𝑇 prescribed to all the finite elements in the UC
and also the periodicity is enforced by applying periodic boundary conditions which allow
contraction/expansion of the UC at the same time (traction-free periodicity). This loadcase is used
to predict accumulation of manufacturing-induced residual stress in the material.
A set of loadcases, needed to perform evaluation of the effective coefficient of thermal
expansion (CTE) of the composite, is included in the models. Namely, traction-free periodic
boundary conditions are applied along with the small uniform temperature drop of ∆𝑇 prescribed
to all the finite elements in the UC. This allows to compute macroscopic average thermal strain in
1

𝑡ℎ
𝑡ℎ
the UC as 𝜀̅𝑖𝑗
= 𝑉 ∫𝑉 𝜀𝑖𝑗
𝑑𝑉 and hence obtain effective CTEs as:
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𝛼𝑖𝑗 =

1

𝜀̅𝑡ℎ ,
∆𝑇 𝑖𝑗

(𝑖 = 𝑥, 𝑦, 𝑧)

(II. 3)

where 𝛼𝑖𝑗 are components of effective CTE tensor of the composite.

II. 4.3. Thermo-mechanical properties of the matrix phase
In our meso-scale models, we simulate matrix phase as homogeneous isotropic solid with
temperature dependent Young’s modulus 𝐸𝑚 and CTE 𝛼𝑚 and constant Poisson’s ratio 𝑣𝑚 . Both
Young’s modulus and CTE are linear functions of temperature and are expressed as follows
(Brauner et al. (2012)):
𝑜

0 𝐶
𝐸𝑚 = 𝐸𝑚
− 𝛽𝑚 𝑇,

(II. 4)

𝑜

0 𝐶
𝛼𝑚 = 𝛼𝑚
− 𝛾𝑚 𝑇,
𝑜

(II. 5)

𝑜

0 𝐶
0 𝐶
where T is temperature in oC, 𝐸𝑚
, 𝛼𝑚
, 𝛽𝑚 and 𝛾𝑚 are the material parameters defined in Table

II.5. These material parameters were defined for fully cured HEXCEL RTM6 epoxy resin which
was used for the production of the 3D woven composites used in this project.
Table II.5: Material parameters for RTM6 epoxy resin
𝒐

𝟎 𝑪
𝑬𝒎
, 𝐌𝐏𝐚
3500

𝜷𝒎 , 𝐌𝐏𝐚/𝒐 𝐂
5.9

𝒐

𝜶𝟎𝒎 𝑪 , 𝟏/𝒐 𝐂
5 × 10−5

𝜸𝒎 𝟏/𝒐 𝐂 𝟐
-1.05 × 10−7

II 4.4. Material orientation and micromechanical modeling of the tows
To perform meso-scale modeling of the composite, effective elastic and thermal properties
of the tows have to be estimated using micromechanical analysis. On the micro-scale, the tows’
material is assumed to be transversely isotropic unidirectional composite. Fig. II.16 (a) shows
schematically a set of tows constructed of digital fibers representing carbon filaments. The tows
are then homogenized as shown in Fig. II.16 (b).
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(a)

(b)

Fig. II.16: (a) Digital fibers representing carbon filaments within the tows and (b) homogenized tows

One of the commonly-used micromechanical approaches to predict elastic properties of the
tows is using Chamis formulae, provided in Chamis (1989), however, as it has been shown in
Tsukrov et al. (2011) and Tsukrov, Drach, et al. (2012), Chamis approach may lead to the effective
properties exceeding the rigorous Hashin-Shtrikman bounds (Hashin and Shtrikman (1963)). Thus,
in our modeling we used a combination of different approaches to perform homogenization of the
mechanical and thermal properties of the tows. Longitudinal Young’s 𝐸1 modulus and Poisson’s
ratio 𝑣12 were obtained using Chamis formulae and transverse Young’s modulus 𝐸2 , shear
modulus 𝐺12 and Poisson’s ratio in the transverse plane 𝑣23 were obtained using Hashin approach,
see Hashin (1979). Explicit expressions for the effective elastic properties and more detailed
description of the micromechanical modeling in our research is provided in Drach et al. (2018).
In addition to effective elastic properties of the tows, overall CTEs have to be calculated.
In this research we use formulae provided in Schapery (1968) to calculate longitudinal CTE of the
tows and transverse CTEs are found using the expressions given in Hashin (1979). Table II.6
shows effective elastic moduli and coefficients of thermal expansion of the homogenized tows
(12k IM7 carbon fibers impregnated with RTM6 epoxy, 𝑉𝑓 =0.8); 1′, 2′ and 3′ denote local material
orientation axes of the tows. Note that even though properties of the epoxy are temperature
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dependent, the overall response of the tows does not depend on temperature. It has been shown in
Drach et al. (2018) that temperature sensitivity of the resin does not significantly affect tows’
overall response. Thus, in this research we neglect temperature sensitivity of the effective
properties of the homogenized tows.
Table II.6: Elastic moduli and CTEs of IM7 carbon fibers impregnated with RTM6 epoxy resin (𝑉𝑓 =0.8), 1′, 2′ and
3′ denote local material orientation axes of the tows
𝑬𝟏′ , 𝐌𝐏𝐚
221378

𝑬𝟐′,𝟑′ , 𝐌𝐏𝐚
13180.2

𝒗𝟏𝟐′
0.35

𝒗𝟑𝟏′
0.020838

𝑮𝟏𝟐′ , 𝐌𝐏𝐚
7171.7

𝜶𝟏′
-2.423× 10−7

𝜶𝟐 ′
2.1 × 10−5

In order to prescribe anisotropic material properties to the tows, material orientation axes
must be assigned for each finite element of the tows. Fig. II.17 provides a demonstration of the
material orientation assignment in the binder tow of the orthogonally reinforced composite. This
operation is performed using custom Python (https://www.python.org/) script which assigns
material orientation axes to each finite element of a specific tow based on this tow’s central line.
More detailed description of the procedure is given in Drach et al. (2014).

Fig. II.17: Illustration of the material longitudinal (1′ ) orientation assigned to the elements of the binder tow of the
orthogonally-reinforced composite
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II. 5 Summary and conclusions of the chapter
The proposed modeling approach allows to produce meso-scale finite element models of
various 3D woven composites’ UCs with as-woven geometric representation of the reinforcement,
and temperature-dependent material properties of the matrix phase. It allows incorporating μCT
scanning data of actual composite specimens to account for the preform deformation due to
compaction in the mold during composite part production and surface resin layer effects.
Automated computational procedures were developed to deal with tows’ interpenetration issue,
and enforcement of strict periodicity of the UC mesh. The procedures to create the solid FE mesh
for the composite phases (tows and matrix) based on the geometrical representation of the preform
were presented. A simple approach to modify the FE mesh of the tows and matrix to mimic preform
compaction and surface resin absence in the UC was developed.
A set of loadcases and periodic boundary conditions was formed to allow obtaining
effective elastic moduli and coefficients of thermal expansion of the composite. Most importantly,
the models can be used to simulate cooling-after-curing process and hence the accumulation of
manufacturing-induced residual stresses allowing to obtain full-field spatial distribution of these
stresses.
Using the proposed modeling approach, a set of 14 FE models of composite UCs with 7
different reinforcement architectures (2 models for each architecture, with and without resin
surface layer) was developed. The models are used for the evaluation of the effective material
properties of the composites and numerical analysis of the intrinsic manufacturing-induced
residual stresses accumulation.
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III.

SIMULATION

OF

THE

ACCUMULATION

OF

RESIDUAL

STRESSES AND BLIND HOLE DRILLING
In this chapter, a set of five FE models of 3D woven composite UCs with different
reinforcement architectures (3 ply-to-ply, 1 plain weave and 1 orthogonal) was used to predict
accumulation of the residual stresses due to cooling after curing and characterize their distribution
and magnitudes. A set of parametric studies on the blind circular hole drilling is also presented in
this chapter (the hole edge meshing, its location and depth). This work has been published in
Tsukrov et al. (2018), Vasylevskyi et al. (2019), Gross et al. (2018), Gross et al. (2019),
Vasylevskyi et al. (2020) and Vasylevskyi et al. (2020).

III. 1. Introduction
Manufacturing-induced residual stresses in carbon epoxy composites can occur due to the
difference between coefficients of thermal expansion (CTE) of the resin and fibers and also
chemical shrinkage, see Bogetti and Gillespie (1992), compaction of the resin, see Li and Tucker
(2002), nonlinear distribution of temperature and degree of cure throughout the part during curing,
etc. (Kim and Hahn (1989) and Baran et al. (2017)) It has been shown that the level of residual
stresses can affect the quality and performance of the composite parts including their final shape,
see Cowley and Beaumont (1997), Wisnom et al. (2006) and strength, as in Maier and Hofmann
(2008), Kim (2004).
A significant number of publications have been devoted to the manufacturing-induced
residual stresses in laminated and 2D woven composites. For example, Cowley and Beaumont
(1997) carried out experimental study on the residual stresses in the laminated fibrous polymers
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and modeled the stress state using classical lamination theory. Golestanian and El-Gizawy (2001)
simulated the entire curing and cooling cycle for the woven carbon and fiberglass mats
impregnated with epoxy resin using resin transfer molding (RTM). They obtained values for the
residual stresses in the selected points of the composite plate. Fiedler et al. (2002) and McLendon
and Whitcomb (2016) investigated the influence of the manufacturing-induced thermal residual
stress on the transverse strength of the unidirectional CFRP composite material. Agius et al. (2016)
performed FE simulations to predict residual stresses in the multidirectional laminates based on
the epoxy resin chemical shrinkage and mismatch in CTEs of the epoxy and carbon fiber
reinforcement. Benavente et al. (2018) simulated macroscopic residual deformation of a laminate
composite part based on the temperature-dependent viscoelastic epoxy resin behavior.
In 3D woven composites, presence of additional constraints in the third direction leads to
higher residual stresses from mismatch of CTEs of the fibers and matrix. It has been shown in
Tsukrov et al. (2011) that for certain reinforcement architectures residual stresses might lead to
significant levels microcracking in the resin-rich pockets located between the tows.
A few publications are devoted to simulations and measurements of the manufacturinginduced residual stresses for 3D woven composites. For example, Kiauka et al. (2020) utilized
mesoscale modeling to predict shape distortion due to residual stress in the 3D woven
fiberglass/epoxy composite, Wang et al. (2020) performed experimental studies for curing of the
material and meso-scale modeling to simulate entire evolution of the residual stresses in a
carbon/epoxy 3D woven composite. Silva et al. (2019) studied effect of epoxy resin viscoelasticity
on the manufacturing-induced residual stress using multiscale finite element modeling.
Determining the residual stress distribution in 3D woven composites experimentally is
challenging due to their complex microstructure and the resulting high level of inhomogeneity and
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anisotropy. One of the approaches to estimate residual stresses is to utilize hole drilling
experiments, see for example Rendler and Vigness (1966). In such experiments, the residual
stresses are estimated based on the displacements around a circular hole drilled in the material due
to the stress release caused by removal of the material, as described in Nicoletto (1991), Makino
and Nelson (1994), Schajer and Yang (1994) and Pagliaro and Zuccarello (2007). However, this
experimental approach, developed for homogeneous materials, does not allow to obtain a
distribution of the residual stress in 3D woven composites. There is a need to numerically interpret
the measurement results. For example, Pisarev et al. (2014) proposed to use analytical solutions
given in Lekhnitskii (1963) to correlate residual stresses with the displacements due to the throughthickness holes drilled in the composite plates. They measured the displacements using electronic
speckle pattern interferometry (ESPI) and assumed composite material to be homogeneous and
orthotropic. Akbari et al. (2014) obtained residual stress in a filament wound laminated
carbon/epoxy ring using incremental hole drilling method. In their study, they used a combination
of strain gage measurements and finite element simulations to obtain the in-plane residual stresses
in the plies assuming the material of each ply to be homogeneous and orthotropic. Wu et al. (2015)
estimated residual stresses in 2D woven composite utilizing a combination of FE modeling and
Moiré interferometry. In their study, they assumed a uniform distribution of stress within the
material removed during drilling to produce the values of residual stress components based on the
measured displacements at the sample points on the composite plate surface around the drilled
hole. So in order to obtain a full-field distribution of the residual stress, which is highly nonuniform in case of 3D woven composites, meso-scale finite element modeling needs to be utilized.
In this research, we propose to estimate residual stresses in 3D woven composites using
measurements of displacements on the surface of the composite panels caused by drilling of
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circular blind holes in various locations in combination with meso-scale finite element modeling.
The displacements can be measured utilizing either ESPI (Dıá z et al. (2000)) or digital image
correlation (DIC) (Lord et al. (2008)) techniques. A detailed description of the experimental setup
and procedures is provided in Gross et al. (2018) and Gross et al. (2019), it has also been shown
by the authors that ESPI provided better resolution of the displacement gradients so it was selected
for the present work. The displacements are correlated to the residual stress by mesoscale finite
element models of the composites. These models assume that the primary mechanism of the
residual stress formation is the mismatch in CTE of carbon fibers and matrix as the composite
cools from curing to room temperature. In order to correlate our numerical models to the
experimental data, two simulations are carried out: cooling after curing (accumulation of the
residual stresses), and hole drilling (residual stress release). These are followed by the comparative
analysis of the displacement fields around the drilled hole as estimated by the modeling and
observed in the experiment.

III. 2. Simulation of the accumulation of the residual stress
As stated above, the accumulation of the residual stress in the composite is hypothesized
to be caused by the mismatch between coefficients of thermal expansion of carbon filaments and
epoxy resin, see Tsukrov et al. (2011), Drach et al. (2018), Vasylevskyi et al. (2019), Vasylevskyi
et al. (2020) Vasylevskyi et al. (2020). The accumulation of the residual stresses in the material
UC is modeled by simulation of the cooling after curing process where uniform temperature drop
∆𝑇=-140oC (165oC → 25oC) is applied through the state variable boundary condition. The
composite is assumed to be fully cured and stress free at the beginning of the simulation, and the
UC has periodic boundary conditions prescribed such that free contraction/expansion is allowed
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in three perpendicular directions as temperature changes. This allows to obtain numerically
simulated full-field distribution of the residual stress both in the reinforcement and epoxy matrix.
To analyze how different architecture morphologies of the composite reinforcement
influence magnitude and distribution of the residual stresses in the composite phases, let us
consider 5 different composite UCs: 3 ply-to-ply, 1 plain weave, and 1 orthogonal. Table III.1
provides summary on the parameters of each of the composites’ architectures, and meshing details.
Table III.1: Description of the selected UCs for the residual stress accumulation simulations. Note that all the
models are built of tetrahedral elements

UNH-001
UNH-002
UNH-004
UNH-006
UNH-008

Architecture

PPI

Ply-to-ply
Ply-to-ply
Plain weave
Ply-to-ply
Orthogonal

12x10
12x12
10x10
10x8
10x10

𝑽𝒘𝒂𝒓𝒑 ,
%
37.6
34.6
35.8
34.8%
31.6

𝑽𝒘𝒆𝒇𝒕 ,
%
35.1
39.3
35.8
27.9%
26.8

𝑽𝒃𝒊𝒏𝒅𝒆𝒓 ,
%

# Elements

UC size,
mm×mm×mm

7.37

5,548,316; linear
2,667,412; quadratic
738,673; quadratic
4,678,986; linear
672,872; quadratic

10.16×8.467×3.95
8.467×8.467×3.95
5.08×5.08×3.89
12.7×10.16×3.86
5.08×5.08×3.92

Further on, the naming convention is as follows: warp tows – the tows aligned with X
direction (warp direction, warp displacement, warp stress), weft tows – the tows aligned with Y
direction (weft direction, weft displacement, weft stress), binder tows – the tows in Z direction
(through-thickness direction, out-of-plane displacement). Fig. III.1 provides visual aid. Note that
all ply-to-ply reinforcement composites have conceptually the same architecture of the preform
with the difference between tows’ columns spacing and hence volume fractions and geometrical
sizes of their unit cells.
Warp

Weft

Binder

(Through
thickness)
(Weft)

(Warp)

(a)

(b)

(b)

Fig. III.1: Names of different tow groups shown as parts of (a) ply-to-ply reinforcement, (b) plain weave
reinforcement, (c) orthogonal reinforcement. Coordinate system and directions

34

To analyze the simulated manufacturing-induced residual stresses, four different stress
values will be reported: components of the stress tensor in warp and weft directions accumulated
in the reinforcement phase, hydrostatic (Eq. 6) and von Mises equivalent stresses (Eq. 7)
accumulated in the matrix phase.
1

𝜎𝐻 = 3 (𝜎1 + 𝜎2 + 𝜎3 ),

(III. 1)

𝜎𝑉𝑀 = √2 ((𝜎1 − 𝜎2 )2 + (𝜎1 − 𝜎3 )2 + (𝜎2 − 𝜎3 )2 ),

(III. 2)

1

where 𝜎1 , 𝜎2 , 𝜎3 are the principal stresses.
The choice of the stresses to be reported in the matrix phase is made based on the results
published in Drach et al. (2018). The authors compare performance of several failure criteria when
dealing with damage in the matrix phase of the composite. The first failure criterion used in this
research is Von Mises yield, which says that the material does not yield if equivalent stress
𝑐𝑟𝑖𝑡
𝑐𝑟𝑖𝑡
calculated using Eq. 7 is below the critical value 𝜎𝑉𝑀 ≤ 𝜎𝑉𝑀
. 𝜎𝑉𝑀
=67.8 MPa for RTM6 epoxy

as reported in Brauner et al. (2012). The second failure criterion is dilatational energy, see Asp et
al. (1996), which can be expressed as 𝜎𝐻 ≤ 𝜎𝐻𝑐𝑟𝑖𝑡 meaning that the material experiences damage if
the hydrostatic stress exceeds some critical value. The critical hydrostatic stress for RTM6 epoxy
was reported as 𝜎𝐻𝑐𝑟𝑖𝑡 =58.7 MPa in Asp et al. (2012). Note that the regions of matrix phase, where
residual stresses are above the critical values, will be shown in black color in the contour plots to
see if the material can potentially develop high enough residual stress to exhibit the damage.
Fig. III.2 shows distribution of the manufacturing-induced residual stresses in the phases
of the UNH-001 ply-to-ply composite UC. It is seen that the residual stress in warp direction is
compressive in the warp tows aligned with this direction and tensile in the weft tows which are
perpendicular to this direction. Similar trend if observed for the stress in the weft direction, weft
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tows are under compression and warp tows are under tension. This indicates that, as a result of
cooling after curing, the tows are under compression longitudinally to their central lines and under
tension in the transverse direction. The magnitudes of the warp and weft stresses in the preform
mostly range between -130 MPa and 50 MPa. The maximum by magnitude compressive stresses
occur in the tows’ intersection regions (-230 MPa).

(a)

(b)

(c)

(d)

Fig. III.2: Manufacturing-induced residual stress in the UNH-001 ply-to-ply composite material, (a) warp stress 𝜎𝑥
and (b) weft stress 𝜎𝑦 in the preform, (c) von Mises equivalent stress and (d) hydrostatic stress in the matrix phase in
MPa

The predicted magnitudes of hydrostatic and Von Mises stresses in the resin phase are in
the range between 25 MPA and 50 MPa. It is evident that the maximum hydrostatic stress is
observed in the resin filled regions between the tows in the middle section of the UC and there
minimum values of von Mises stress are observed as well, whereas the surface layers of the resin
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are subjected to the largest Von Mises stress. The resin phase is mostly under tensile
manufacturing-induced residual stresses.
Another way to characterize residual stresses in the matrix phase is to obtain its cumulative
distribution which shows the percentage of matrix phase volume being subjected to the stresses
below a certain value. Such an approach allows to better describe the residual stress in the matrix
phase and also to exclude potential mesh distortion contribution, leading to unrealistically high
values of predicted stresses, but affecting only small number of finite elements. Note that dashed
vertical lines on the plots show the critical values for the corresponding stresses.
Fig. III.3 shows that roughly 95% of all matrix phase is under stresses lower than 50MPa.
In this particular case (UNH-001 ply-to-ply) 2% of matrix experiences hydrostatic stresses larger
than the critical value of 𝜎𝐻𝑐𝑟𝑖𝑡 =58.7 MPa, which means that this material could potentially
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experience damage, however, the volume of the elements affected is small.
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Fig. III.3: Cumulative distribution of hydrostatic and von Mises stresses in the matrix phase of the UNH-001 ply-toply composite material, dashed lines show critical values of these stresses

Fig. III.4 shows residual stresses accumulated in the reinforcement and matrix phase of
the UNH-002 ply-to-ply composite UC. This composite architecture has lower volume fraction of
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warp tows and larger volume fraction of weft tows as compared to UNH-001. Additionally, the
spacing of the weft tows is more compact resulting in smaller in-plane size of the UC in X (warp)
direction, see Table III.1.

(a)

(b)

(c)

(d)

Fig. III.4: Manufacturing-induced residual stress in the UNH-002 ply-to-ply composite material, (a) warp stress 𝜎𝑥
and (b) weft stress 𝜎𝑦 in the preform, (c) von Mises equivalent stress and (d) hydrostatic stress in the matrix phase in
MPa

Fig. III.4 (a) and (b) show residual stresses in X and Y directions accumulated in the
composite reinforcement phase. Similarly to UNH-001 all the tows experience tensile stress in the
transverse direction and compressive stress in the longitudinal direction. The maximum predicted
tensile stresses transverse to the tows are larger than for UNH-001 reinforcement (up to 100 MPa
vs. 50 MPa in UNH-001) and the compressive stresses longitudinally to the tows are similar for
the two architectures (-80 MPa – -130 MPa). The von Mises and hydrostatic stresses in the matrix
phase are as well similar to the UNH-001 architecture, namely being in the range between 25 MPA
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and 50 MPa. The maximum magnitude of the von Mises stress is observed in the surface portion
of the matrix phase and minimum – in the resin pockets between the tows in the middle of the UC.
The hydrostatic stress reaches its maximum in the resin pockets and shows its minimum in the
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Fig. III.5: Cumulative distribution of hydrostatic and von Mises stresses in the matrix phase of the UNH-002 ply-toply composite material, dashed lines show critical values of these stresses

Fig. III.5 shows cumulative distribution of predicted von Mises and hydrostatic stresses in
the matrix phase of UNH-002 composite’s UC. The distribution of von Mises stress is similar to
UNH-001 and the maximum hydrostatic stress is lower than in UNH-001. Unlike the UNH-001
architecture, none of the resin experiences hydrostatic stresses larger than the critical value (dashed
black line). However, based on the shape of the distribution of hydrostatic stress in the range
between 30 MPa and 50 MPa it can be seen that larger amount of UNH-002 matrix is under higher
stresses, for example, only 80% of resin in UNH-002 is under 45 MPa of hydrostatic stress whereas
in UNH-001 it is 90% of the resin experiencing such hydrostatic stress.
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The third ply-to-ply composite architecture considered in this section is UNH-006. It has
the lowest volume fraction of weft tows and the sparsest pick spacing as compared to UNH-001
and UNH-002, see Table III.1.

(a)

(b)

(c)

(d)

Fig. III.6: Manufacturing-induced residual stress in the UNH-006 ply-to-ply composite material, (a) warp stress 𝜎𝑥
and (b) weft stress 𝜎𝑦 in the preform, (c) von Mises equivalent stress and (d) hydrostatic stress in the matrix phase in
MPa

Fig. III.6 show distribution of residual stresses in the reinforcement and matrix phases of
UNH-006 ply-to-ply composite’s UC. Similarly to UNH-001 and UNH-002, the tows in general
are subjected to tensile residual stresses in the transvers-to-the-tow direction and compressive
stress in the longitudinal direction. However, some portions of the warp and weft tows closer to
the UC’s surface experience tensile stress in the longitudinal direction. This can be attributed to
the sparsest (as compared to UNH-001 and UNH-002) weft pick spacing of UNH-006 and hence
the largest amount of epoxy resin between the weft tows and especially on the top and bottom
surfaces of the UC acting on the tows.
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The distributions of von Mises and hydrostatic stresses in the composite matrix phase are
shown in Fig. III.6 (c) and (d) respectively. The trends for the residual stresses in the matrix phase
are the same as for UNH-001 and UNH-002.
Fig. III.7 shows cumulative distribution of von Mises and hydrostatic stresses in the matrix
phase of the UNH-006 composite’s UC. The distributions of both stresses are similar to UNH-001
composite. Small amount of matrix phase (2%) is subjected to hydrostatic residual stress exceeding
the critical value meaning that this composite architecture may experience matrix damage, which
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will likely be located in the resin pockets between warp tows in the middle section of the UC.
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Fig. III.7: Cumulative distribution of hydrostatic and von Mises stresses in the matrix phase of the UNH-006 ply-toply composite material, dashed lines show critical values of these stresses

Fig. III.8 compares cumulative distribution of hydrostatic stress in the matrix phase of the
ply-to-ply composite reinforcement architectures considered in this section. It is seen that the
maximum magnitude of the hydrostatic stress is observed in UNH-001 and the lowest in UNH002. The distributions are similar for UNH-001 and UNH-006 whereas UNH-002 shows slightly
different distribution of the hydrostatic stress in the range between 30 MPa and 50 MPa. Even
though two composite architectures developed hydrostatic residual stresses exceeding the critical
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value, the volume of the matrix phase is subjected to such stress is low (~2%). This is in line with
the fact that there is virtually no microcracking observed for these ply-to-ply composites in the
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Fig. III.8: Cumulative distribution of the hydrostatic residual stress in the ply-to-ply composites’ UCs. Dashed line
shows the critical value of the stress

Now let us consider plain weave-reinforced composite UNH-004, see Fig. III.1 (b). This
composite has the least amount of through-thickness reinforcement compared to ply-to-ply and
orthogonally-reinforced 3D woven materials. Its reinforcement is represented by stacked layers of
2D woven fabrics sheets (10 in total) with no through-thickness reinforcement so this material is
expected to have the least amount of manufacturing-induced residual stresses. Fig. III.9
demonstrates distributions of the residual stresses in the UNH-004 composite phases. Similarly to
all ply-to-ply UCs, the stresses in the composite preform are compressive longitudinally to the
tows and tensile in the transverse direction. At the same time, due to the symmetry of the plain
weave architecture (warp and weft tows have the same shape, whereas ply-to-ply warps and wefts
are different, namely the ply-to-ply warps are the tows which deliver the through-thickness
reinforcements and wefts are straight), the warp and weft tows in the plain weave composite
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experience the compressive and tensile stresses of the same magnitude whereas for UNH-001 and
UNH-006 compressive stresses experienced by the weft tows are larger than for warps.
The distribution of the von Mises and hydrostatic stresses in the matrix phase also follows
the trends observed in the ply-to-ply composites, namely the maximum magnitude hydrostatic
residual stress is observed in the resin pockets between the tows inside the UC and the maximum
von Mises tress is observed in the surface layers of the matrix. So, qualitatively the accumulation
of the residual stresses is very similar for ply-to-ply and plain weave reinforcement architectures.

(a)

(b)

(c)

(d)

Fig. III.9: Manufacturing-induced residual stress in the UNH-004 plain weave composite material, (a) warp stress
𝜎𝑥 and (b) weft stress 𝜎𝑦 in the preform, (c) von Mises equivalent stress and (d) hydrostatic stress in the matrix phase
in MPa

Fig. III.10 shows cumulative distributions of von Mises and hydrostatic residual stresses
in the matrix phase of the plain weave composite’s UC. Qualitatively, the distributions are similar
to ply-to-ply composites considered earlier in the text but with slightly lower maximum magnitude
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of the hydrostatic stress. This is expected as plain weave architecture has the lowest level of
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through-thickness reinforced compared to the composites considered in this research.
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Fig. III.10: Cumulative distribution of hydrostatic and von Mises stresses in the matrix phase of the UNH-004 plain
weave composite material, dashed lines show critical values of these stresses

The third reinforcement architecture considered is orthogonal. This composite has the
largest amount of through –thickness reinforcement comparing to plain weave and ply-to-ply
architectures as the half of the warp columns in its preform fabrics is represented by the binder
tows, see Fig. II.3 (c), Fig. II.4 (c) and (d). Due to the maximum level of through thickness
reinforcement, this composite is expected to have the largest amount of the residual stresses
accumulated.
Fig. III.11 shows distribution of manufacturing-induced residual stresses in the phases of
the orthogonally-reinforced composite UC. The distribution of the stresses in the tows is much
more complex as compared to ply-to-ply and plain weave architectures and also the magnitudes of
the stresses are much larger. Warp and weft tows follows the same trend as observed for the other
architectures – compressed in the longitudinal direction and under tension in the transverse
direction. However, the binder tows are subjected to a more complex stress fields in the X (warp)
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direction. The horizontal portions of the binders are subjected to the compressive stress in the X
direction and vertical portions of these tows are under tensile stress.

(a)

(b)

(c)

(d)

Fig. III.11: Manufacturing-induced residual stress in the UNH-008 orthogonally-reinforced composite material, (a)
warp stress 𝜎𝑥 and (b) weft stress 𝜎𝑦 in the preform, (c) von Mises equivalent stress and (d) hydrostatic stress in the
matrix phase in MPa

Fig. III.12 shows the distribution of the residual stress in the reinforcement phase of the
orthogonally-reinforced composite in Z direction. It is evident that the vertical portions of the
binder tows experience severe compressive
stresses whereas the rest of the reinforcement is
under tensile stress. This can be explained by
relatively low volume of the reinforcement in the
through-thickness direction (only the vertical
Fig. III.12: Manufacturing-induced residual stress in
the UNH-008 orthogonally-reinforced composite
material in Z (through-thickness) direction

portions of the binder tows) as compared to both
in-plane directions which leads to a significant
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compressive loads applied to the binder tows by contracting (due to the temperature drop from
curing to room temperature) warp and weft tows and also epoxy resin between the reinforcement
layers. The distribution of von Mises and Hydrostatic stresses in the composite matrix phase is
shown in Fig. III.11 (c) and (d). As compared to both ply-to-ply and plain weave composites,
orthogonally-reinforced material experiences much higher residual stresses. The highest
magnitude of the hydrostatic stress is observed in the resin-rich pockets near binder tows. This
correlates well with the locations of the majority of microcracking observed by the μCT scanning
in this material, see Fig. III.13. Additionally, similar to the other composite architectures, the
locations of maximum hydrostatic stress in the matrix phase correspond to the locations of the
minimum von Mises stress suggesting that the microcracking occurs in the regions with significant
hydrostatic tensile residual stresses.

1000 μm
Fig. III.13: Locations of the maximum predicted hydrostatic stress in the matrix phase of the orthogonallyreinforced composite material in comparison to the locations of the microcracking in the actual composite specimen
observed in the μCT scans

Fig. III.14 provides cumulative distribution of the von Mises and hydrostatic stresses
accumulated in the matrix phase of the orthogonally reinforced composite. It is seen that a
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significant volume of the matrix phase (~11%) experiences hydrostatic stresses exceeding the
critical value. The maximum von Mises stress in the matrix also exceeds the critical value but the
volume of the material affected is small (< 0.3%) and the majority of the matrix (95%) is under
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Fig. III.14: Cumulative distribution of hydrostatic and von Mises stresses in the matrix phase of the UNH-008
orthogonally-reinforced composite material, dashed lines show critical values of these stresses

Fig. III.15 provides comparison of the manufacturing-induces residual hydrostatic stress
accumulated in the matrix phase of the composites with three different reinforcement architectures
(ply-to-ply, plain weave and orthogonal). It is seen that the magnitudes and distribution of the
stress in the resin of ply-to-ply and plain weave materials are similar with slightly lover maximum
stress predicted for the plain weave architecture. On the other hand, the hydrostatic residual stress
accumulated in the matrix of the orthogonally-reinforced material is significantly larger as
compared to other two architectures and a significant volume of the matrix phase experiences
stress exceeding the critical value. This is in a good agreement with the assumption that the
composites having the most amount of through-thickness reinforcement experience the largest
residual stress magnitudes which can lead to the microcracking in the epoxy resin.
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Fig. III.15: Comparison of the cumulative distributions of the hydrostatic stress in the composites’ matrix phase for
ply-to-ply (UNH-001), plain weave (UNH-004) and orthogonal (UNH-008) reinforcement architectures

Based on the results of the simulations of the cooling-after-curing process for the composite
UCs of different reinforcement architectures, it can be concluded that:
1) Tows experience compressive residual stresses longitudinally to their central lines;
2) Tows experience tensile residual stresses in the transverse direction;
3) Binder tows in the orthogonally-reinforced composite experience the largest
longitudinal compressive stresses as compared to other architectures;
4) The maximum von Mises residual stress in the composite matrix is observed in the
surface layers of the UC and the maximum hydrostatic residual stress is observed in
the resin-rich pockets in the middle section of the composites’ UCs;
5) The higher the level of the though-thickness reinforcement of the composite, the higher
the residual stresses are;
6) The regions of the composite matrix phase subjected to the maximum hydrostatic
residual stress are observed to exhibit the most microcracking.
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The developed meso-scale models can be used to predict the distribution of the
manufacturing-induced residual stresses accumulated during cooling after curing of the composite.
In order to make sure that these predictions are accurate and represent the residual stresses in the
actual composite specimens, the models need to be correlated with blind hole drilling experiments.
This additionally will allow to accurately interpret the experimental results and obtain full-field
distribution of the residual stresses in the actual 3D woven composites specimens.

III. 3 Hole drilling simulations
The blind hole drilling simulation are performed as follows: finite elements, corresponding
to the material removed by drilling, are chosen automatically at the model preprocessing stage and
stored as a custom element set. For this purpose a custom script in MATLAB was developed
allowing to pick the corresponding finite elements from the UC mesh based on the specified
geometric parameters of the hole (its diameter and depths, see Fig. III.16 (b), (c)) and also its
location with respect to the UCs coordinate system, see Fig. III.16 (a).

Binder hole

Weft hole

(a)

(b)

(c)

Fig. III.16: FEA model of a circular blind hole to release residual stress in orthogonally reinforced composite, (a)
example of hole locations and slice lines (red horizontal and vertical lines through the center of the hole), and
models of the holes of depth (b) H=0.5 mm and (c) H=2 mm
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The stored elements are then deactivated during the drilling simulation loadcase (using
MSC Marc “Deactivation” feature which removes a chosen set of finite elements) which follows
the cooling loadcase. This results in the deformation of the material around the drilled hole due to
release of the residual stress. The surface displacements around the hole are reported from the
simulations and compared to the experimentally measured fields. The surface displacements are
compared in two ways: using contour maps of the fields of displacements in X (warp or horizontal)
and Y (weft or vertical) directions to compare the displacements qualitatively, and using slice
surface displacements along the lines through the center of the drilled hole Fig. III.16 (a) to
compare the displacements quantitatively, see Fig. III.17 for an example of the data set obtained
from the simulations and the experiment.
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Fig. III.17: Surface displacements around the drilled hole due to the residual stress release in ply-to-ply composite
(UNH-002)
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Before proceeding with the hole drilling simulations, a set of parametric studies was
performed to investigate influence of various hole drilling parameters on the results of these
simulations. The studies are as follows: the influence of the drilled hole edge representation by the
finite elements in the models on the accuracy of numerical predictions of the displacement fields
around the drilled hole, the hole location study to investigate how sensitive the results are to the
location of the drilled hole with respect to the composite reinforcement features, and the depth
study to investigate how sensitive the surface displacements are to the drilled hole depth. The
geometric size of the circular holes and used in the corresponding simulations are as follows: hole
diameter D=1mm and the hole depth H=0.5mm for the location and edge meshing sensitivity
studies.

III. 3.1. Hole edge meshing sensitivity
Since finite elements corresponding to the drilled hole are chosen automatically after the
mesh being generated and the location of the hole is usually unknown at the mesh production stage,
the edge of the hole in the model might not be smooth. This issue can be overcome by incorporating
the location of the hole into mesh generation process so that the hole edges are modeled as smooth
surfaces (see Fig. III.18). However, this causes additional complications in the meshing procedure
and makes the model a single-use for one particular hole. In order to investigate how the
smoothness of the edge affects the results of the simulation, we compared predictions for the plyto-ply architecture UNH-001. Two hole locations were chosen for the comparison as shown in Fig.
III.18 (a). Both of the holes were modeled using both automatically and specifically generated
meshes, see Fig. III.18 (b) and (c). The images (b) and (c) represent the hole edge resulting from

51

automatic meshing technique (rough) and the edge specifically generated for a prescribed hole
location (smooth).

Fig. III.18: (a) Locations of the holes chosen to investigate the hole edge meshing sensitivity. Finite element meshes
around (b) hole 1 and (c) hole 2

To compare the results, the displacements after hole drilling were captured on the surface
of the unit cell along the slice lines shown in Fig. III.18 (a). Fig. III.19 presents the displacements
in the warp (X) direction plotted along horizontal lines and the displacements in the weft direction
(Y) plotted along the vertical lines, correspondingly. As can be seen, there are no significant
differences in the predicted displacements between two meshing techniques. Slight deviations are
observed only at the very edges of the holes. However, for the purpose of interpreting the
experimental drilling results these deviations are not critical because in the experimental
measurements, the surface of the specimen near the edge of the hole is within the high
displacement gradient zone (~180 𝜇𝑚 around the edge) where the exact experimental results are
not available. Thus, there is no need to generate specific meshes for particular hole locations for
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the hole drilling interpretation analysis. In the rest of the presented simulations we used the
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Fig. III.19: Slice plots of the displacements in warp (𝑢𝑥 ) and weft (𝑢𝑦 ) directions for (a) hole location 1 and (b) hole
location 2

III. 3.2. Hole location influence
Due to the same dimensional orders of the drilled hole and the reinforcement features, it is
important to understand how the exact location of the hole with respect to the reinforcement affects
the displacement fields. To estimate the impact of the hole location a set of simulations was
performed. Orthogonal (UNH-008) and ply-to-ply (UNH-001) reinforcement architectures were
considered. The hole locations were chosen as shown in Fig. III.20. All of the holes are of the
same depth 𝐻 = 0.5𝑚𝑚 and diameter 𝐷 = 1𝑚𝑚. Similarly to the hole edge meshing study, the
displacements along the vertical (Y) and horizontal (X) slice lines through the center of each hole
are plotted.
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As discussed in Section III. 2, the residual stresses due to the cooling after curing will
mostly be tensile for the resin as it is prevented from shrinking by the constraints of carbon fiber
tows. For the tows, especially warp and weft, we expect the stress to be tensile transversely to the
tow axis (pulled by adjacent resin). The distribution in the directions longitudinal to the tow axis
is expected to be more complex as it will be influenced by interaction with neighboring tows. Most
of the warp and weft tows are expected to be in longitudinal compression. This should lead to the
holes drilled in the resin-rich regions to open in X and Y directions, the holes drilled in the tows
to open in the direction transverse to the cut tow central line and close in the direction along the
tow.

Fig. III.20: Hole locations for the ply-to-ply UNH-001 (left) and orthogonal UNH-008 (right) architectures

For each hole location, the cooling of completely cured composite was simulated with the
temperature drop of 𝛥𝑇 = −140𝑜 𝐶 (from 165oC to 25oC). Then the finite elements corresponding
to the material occupied by the hole were deactivated to simulate the material removal due to the
drilling and nodal displacements were recorded. The displacements along slice lines for each hole
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location were superimposed to evaluate the sensitivity of the results to the hole location. The results
are presented in Fig. III.21 and Fig. III.22 for orthogonal reinforcement and Fig. III.23 and Fig.
III.24 for ply-to-ply. Note that some of the presented curves exhibit rapidly increasing/decreasing
behavior near the hole edge. This effect is numerical and caused by FEA discretization. In our
estimate on whether the hole opens or closes due to release of the residual stress we used the stable
portion of the curves 10-15 finite elements away from the edge.
Fig. III.21 shows that the warp displacement field around the drilled hole is sensitive to its
location. The highest sensitivity is observed in the case when the hole is moved along the center
line of the binder tow. For the case depicted in Fig. III.21, the horizontal slice lines for hole 1 and
hole 2 locations are in the same direction as the binder tow being cut by these holes. According to
the slice plots, hole 1 closes whereas hole 2 slightly opens and moves to the right towards the
crossing weft top tow.
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Fig. III.21: Slice plots of displacements in warp direction (𝑢𝑥 ) for the orthogonal reinforcement

The warp displacements along the slice lines for the holes 3, 4 and 5 are similar to each
other. Hole 4, however, shows more pronounced opening. This phenomenon can be explained by
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the microstructure of the reinforcement. All of these three holes cut the top weft tow, but hole 3
and hole 5 are located so that there are crossing warp tows underneath the weft being cut. Due to
the compressive residual stress in the tows along their central lines, when the tow is cut the hole
would close in the direction along the tow. This phenomenon can explain lower opening of the
hole 3 and hole 5. Hole 4 in contrast is located in a way that there are no crossing tows underneath
the top weft tow and hence its opening is more pronounced. It is also seen that the displacements
are the same for hole 3 and hole 5 as expected from the reinforcement symmetry.
Fig. III.22 shows weft (𝑢𝑦 ) displacements along the slice line (as in Fig. III.18 (a)) for
each hole location. Hole 1 and hole 2 open in the direction Y confirming the assumption that due
to the tension stress in the matrix material, the drilled hole opens transversely to the tow (binder
in this particular case). Three other holes close in Y direction which is in line with the presence of
the compressive residual stresses in the tows along their central lines.
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Fig. III.22: Slice plots of displacements in weft direction (𝑢𝑦 ) for the orthogonal reinforcement

The same numerical study was performed for the ply-to-ply reinforcement architecture. Six
hole locations were considered, three of them cut the weft tow and the other three - the warp. Fig.
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III.23 shows warp (along X-axis) slice displacements. A certain sensitivity to the hole location is
observed for holes 4-6, whereas the displacements caused by holes 1-3 are location-insensitive.
Holes 4 through 6 cut the warp tow and show slight closure in X direction. This behavior is dictated
by the compressive residual stress in the tow along its central line. However, when the hole is
located near the crossing weft (such as hole 4), in addition to closure it also shifts towards the
crossing tow. This phenomenon can be explained by the tensile stress in X direction in the crossing
weft.
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Fig. III.23: Slice plots of displacements in warp direction (𝑢𝑥 ) the ply-to-ply reinforcement

Fig. III.24 shows displacements in the weft direction. It is seen that these displacements
are sensitive to the location only in the case of hole 1 through hole 3. The same trend is observed
here as for the warp direction, namely, holes open transversely to the tows and close in the direction
along their center line.
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Fig. III.24: Slice plots of displacements in weft direction (𝑢𝑦 ) for the ply-to-ply reinforcement

To summarize, the simulations show that the displacement fields around the drilled hole
due to the residual stresses are noticeably sensitive to the hole location. Generally, in the direction
transverse to the cut tow’s central line, the hole opens due to the tensile residual stress in the
surrounding resin. In the direction along the central line of the tow, the hole tends to close due to
the prevailing longitudinal compressive residual stress. In the case when the hole is located at the
intersection of the tows, it closes along the cut tow and shifts towards the crossing one. Thus, for
the purpose of the interpretation of experimental data, the hole locations have to be chosen very
accurately so the proper correlation can be made.

III. 3.3. Hole depth dependence
In this section, we examine how residual-stresses-driven displacements on the surface of
the specimen depend on the depth of the hole. For this purpose, several hole locations were chosen
in both orthogonal and ply-to-ply reinforcement architectures and the hole depths was increased
step by step in order to see how the displacements around the hole vary.
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Simulations were performed for hole locations 3 and 5 in the ply-to-ply (UNH-001) and 1
and 4 in the orthogonal (UNH-008) specimens (see Fig. III.20). The depths of each hole was
gradually increased with a step of 0.5mm, and the displacements were captured at the points located
one hole radius away from the hole edge. The monitored points are denoted as white circles with
numbers in Fig. III.25 - Fig. III.28. Each curve corresponds to the displacement of the point as a
function of the hole depth.
It is seen in Fig. III.25 and Fig. III.26 that for the orthogonal reinforcement, the sensitivity
to the depth is observed up to the hole depth of 2 mm which is the middle of the specimen panel
thickness. In Fig. III.25, it is seen that the hole opens more as the depth increases. This is dictated
by the tensile residual stress in the epoxy resin in the direction transverse to the weft tow. The
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more weft tows are cut, the more pronounced the opening effect becomes.
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Fig. III.25: Displacements in warp (𝑢𝑥 ) and weft (𝑢𝑦 ) directions at the points around hole 3 in the orthogonally
reinforced composite as functions of the hole depth. In the plots, white background represents resin matrix, magenta
stripes represent weft tows and grey stripes represent binder tows

In contrast, Fig. III.26 shows that when the binder tow is cut (𝐻 = 0.5 𝑚𝑚), the closure
of the hole in the direction of the tow and slight opening in the transverse direction are observed.
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However, as the hole depth is increased, more and more weft tows under the binder are cut and the
opening effect described for the previous hole location becomes dominant. This means that two
competing effects compensate each other with the increasing depth and this can lead to a low level
of displacements around the hole (Fig. III.26) which can cause difficulties in the measurements
because of insufficient resolution of an experimental method.
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Fig. III.26: Displacements in warp (𝑢𝑥 ) and weft (𝑢𝑦 ) directions at the points around hole 1 in the orthogonally
reinforced composite as functions of the hole depth. In the plots, white background represents resin matrix, magenta
stripes represent weft tows and grey stripes represent binder tows

Fig. III.27 and Fig. III.28 show displacements in warp and weft directions depending on
the hole depth in the ply-to-ply composite. It is seen that for this particular reinforcement
architecture, the dependence on the hole depth is small comparing to the orthogonal reinforcement.
This is due to the fact that perpendicular warps and wefts are cut sequentially as the hole depth
increases, thus the opening and closing of the hole are balanced.
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III. 4. Summary and conclusions of the chapter
The simulations of the cooling after curing of the 3D woven composite with various
reinforcement architectures were carried out using developed meso-scale finite element models.
As a result, these simulations allowed to obtain full-field distribution of the intrinsic
manufacturing-induced residual stresses in the composite phases caused by the mismatch between
the coefficients of thermal expansion of carbon fibers and epoxy resin.
The modeling results were used to understand the patterns of the residual stresses’
distribution and their magnitudes. Generally, the reinforcement tows experience compressive
residual stresses in longitudinal direction, meaning that the stress is compressive in the local
coordinate system of each tow which is connected to the filaments (longitudinal – along the
filaments, transverse – in the tow’s cross-section plane), and tensile residual stresses in the
transverse direction. The magnitudes of the residual stresses experienced by the reinforcement is
dictated by their volume fraction (the lower volume fraction in a given direction, the higher the
stresses in that direction). Three different reinforcement architectures were compared and the
largest residual stresses are experienced by the binder tows of the orthogonally-reinforced
composite.
The distribution of the residual stresses in the matrix phase was obtained as well. The
majority of the matrix in all the composite UCs experiences tensile residual stresses. The resin
located on the surface of the UC experience significant von Mises residual stress whereas the
portion of the resin located in the resin-rich pockets between the tows experiences maximum
hydrostatic tensile residual stresses. The locations of the regions of matrix phase experiencing the
maximum hydrostatic stress which exceeds the critical value are in good agreement with the
locations of the microcracking observed in the μCT scans. It should be noted that ply-to-ply- and
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plain weave-reinforced composites did not experience large enough stresses which could cause
microcracking. This allows to conclude, that the amount of through-thickness reinforcement
significantly affects the magnitudes of the residual stresses and the larger the through-thickness
reinforcement the higher the residual stresses are.
A set of parametric studies related to the hole drilling simulations was performed. It has
been shown that the smoothness of the mesh at the drilled hole’s edge has virtually no effect on
the displacements around the hole caused by the residual stress release. In contrast, the hole
location with respect to the reinforcement features has been shown to influence the displacements
around the hole significantly, especially for the orthogonally-reinforced composite as compared to
ply-to-ply material. This allows to conclude that the location of the drilled hole should be chosen
accurately based on the actual hole location from the experiment. The depth of the drilled hole is
another important parameter, it has been shown that the surface displacements around the drilled
hole are sensitive to its depth and can become too small and difficult to measure for certain hole
depth values, especially for holes drilled in the orthogonally-reinforced material. This phenomenon
can be explained by the competing residual stresses in the composite material, namely the tensile
residual stress in the epoxy resin matrix and the longitudinal compressive stress in the tows. The
interaction between the tows and resin contribute to the complexity of the local residual stress
distribution.
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IV.

CORRELATION

OF

NUMERICAL

MODELS

AND

HOLE

DRILLING EXPERIMENTS
In this chapter we provide the results of the correlation of the developed numerical models
with the experimental data and utilization of the correlated models to interpret the hole drilling
experiments. A set of numerical simulations of cooling after curing followed by the hole drilling
was performed for composites’ UCs with various reinforcement architectures (ply-to-ply, plain
weave and orthogonal). The drilling of the holes was simulated for various hole locations and the
predictions were compared to the experimental measurements. These results have been published
in in Vasylevskyi et al. (2019), Vasylevskyi et al. (2020) and Vasylevskyi et al. (2020).

IV. 1. Introduction
As it has been shown in Morelle et al. (2017), RTM 6 epoxy resin used for manufacturing
of 3D woven composites, exhibits complex viscoelastic-viscoplastic behavior, especially at
elevated temperatures. Additionally, it has been shown that the 3D woven composites consisting
of carbon fibers and this epoxy may exhibit severe microcracking, see Tsukrov et al. (2011), Drach
et al. (2018), caused by the manufacturing-induced residual stresses. Multiple publications are
dedicated to the modeling of the manufacturing-induced residual stresses accumulation in
composite materials including visco-elastoplastic behavior of the resin, see for example Brauner
et al. (2012), Ding et al. (2016) (laminated composite), Hirsekorn et al. (2018) and Silva et al.
(2019) (3D woven composite). However, incorporating such complex behavior of the resin into
the numerical models of composites requires implementation of comprehensive constitutive
equations, governing the material behavior, into the analysis. This may lead to a significant
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computational effort especially for FE models with complex reinforcement architecture and hence
a large number of finite elements.
As the thermal mismatch stresses may cause viscoelastic or plastic deformation or even
microcracking in some cases, the assumption of linear elasticity may lead to overestimation of
residual stresses. We propose a simple approximate approach to account for nonlinear behavior of
the composite caused by significant magnitudes of the residual stresses using linearly elastic FE
models. This approach allows to avoid complicated constitutive modeling for the materials of the
composite phases and yet obtain fairly accurate predictions for the manufacturing-induced residual
stresses. Instead of simulating the cooling after curing with the actual temperature drop ∆𝑇, we
determine the equivalent temperature drop ∆𝑇 𝑒𝑓𝑓 that results in a good correspondence of the hole
drilling simulations to the experimental measurements. The ∆𝑇 𝑒𝑓𝑓 is smaller than ∆𝑇 and is
different for different material systems and reinforcement architectures and must be determined
based on the experimental measurements.
Additionally, a set of studies is performed to investigate how the results of the hole drilling
simulations are affected by the accuracy of the composite’s UC top and bottom surfaces
representation. A modeling technique described in Section II. 4.1. is used to build FE models of
the composites’ UCs of various reinforcement architectures which do not include top and bottom
surface resin layers. The simulations of cooling after curing and subsequent hole drilling are
performed using these models and the surface displacements are compared between models with
and without resin layers and the experimental measurements.

IV. 2 Experimental methods
Experimental measurements were conducted on ~4 mm thick composite panels fabricated
by Albany Engineered Composites using Hexcel RTM6 resin and Hexcel 12K IM7 PAN-based
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carbon fibers. The composite sections containing at least nine unit cells were cut from the panels
and painted with white, high heat spray paint. The black speckles were applied using an airbrush
to get speckles that ranged in size from 5 to 10 µm. Then the surface was covered with a clear
matte spray paint to protect the speckles from drilling debris deposits and prevent the speckles
being removed with the water used for cooling during drilling. The sample was glued on a block
mounted on a Thor Labs kinematic mount to allow precise repositioning of the “before-” and “after
drilling” interferograms. The apparent placement repeatability was on the order of 5 µm or less.
Residual stresses were studied by drilling a 1mm diameter blind hole to a depth of 0.5 mm
and recording the resulting in-plane displacements on the surface of the specimen. Drilling was
done with UKAM diamond coring tool. The depth was continuously measured with a dial indicator
attached to the drilling head. A continuous flow of deionized water was manually applied during
drilling using a squeeze bottle. The water was used to minimize the heat generated during drilling
and to carry away the drilling debris. The sample was rinsed with more water after drilling and
dried with a flow of warm air.
The in-plane displacements around the hole were measured using a custom-built electronic
speckle pattern interferometry system similar to the one described by Dı́az et al. (2000). A 50 mW
Melles Griot HeNe laser with linear polarization was used. The angle between the normal to the
specimen and the illumination beams was 45𝑜 which resulted in a 448 nm displacement for a phase
difference corresponding to 2π. The system exhibited phase noise of < 𝜋/25 which corresponds
to a displacement of approximately 9 𝑛𝑚.
Note that all the experimental measurements were performed by UNH-based
experimentalists’ group. The detailed description of the experimental set-up and procedures can
be found in Gross et al. (2018) and Gross et al. (2019).
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IV. 3. ∆𝑻𝒆𝒇𝒇 – approach to account for nonlinear effects and microcracking
The procedure to find ∆𝑇 𝑒𝑓𝑓 is as follows. First, the initial simulation of cooling after
curing is run with the actual ∆𝑇. After that the drilling process is simulated by removing the
corresponding elements and the displacements of the surface points are observed. Then the values
of the numerically predicted displacements at the points approximately one radius away from the
hole boundary are selected to be compared with the experimental measurements (note that the
approach of considering a set of points at a certain distance from the hole edge is similar to the one
used in Wu et al. (2015)). The adjustment coefficient 𝑘𝑒𝑓𝑓 is found as the ratio of the average
experimental displacement to the average displacement from the initial model in the corresponding
points. Then the simulation of cooling by ∆𝑇 𝑒𝑓𝑓 = 𝑘𝑒𝑓𝑓 ∆𝑇 is performed to produce the
approximate distribution of the cure-induced residual stresses. Note that dependence of the
predicted residual stresses on ∆𝑇 is not exactly linear since thermo-mechanical properties of epoxy
are modeled as temperature-dependent. In the equivalent numerical simulations we assume that
the temperature drop starts from the curing temperature.
To illustrate how the original temperature drop ∆𝑇 cooling after curing simulations may
overpredict/underpredict the surface displacements due to the release of the residual stresses, let
us consider two composite architectures: ply-to-ply UNH-001 and orthogonal UNH-008, perform
simulations of the cooling after curing with original ∆𝑇 = −140𝑜 𝐶 and compare surface
displacements due to the residual stress release around drilled hole to the experimental
measurements. Fig. IV.1 shows a location of a sample circular hole with diameter of 𝐷 = 1𝑚𝑚
and depth of 𝐻 = 0.5𝑚𝑚 cutting the weft tow in the orthogonally-reinforced composite.
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(a)

(b)

Fig. IV.1: (a) Modeled and (b) experimental hole location in the orthogonally-reinforced composite (UNH-008)
cutting a weft tow

Fig. IV.2 shows the surface displacements around the drilled hole in the orthogonallyreinforced composite as predicted by the meso-scale finite element model and measured using
ESPI. It is evident that the model overpredicts surface displacements in both horizontal (X) and
vertical (Y) directions. At the same time, general shapes of the surface displacements’ fields are
predicted to be similar to the experimental measurements. It allows to conclude that there is
potential nonlinearities present in the actual composite specimen which cannot be accounted for
by the linearly-elastic modeling. Additionally, it is known that this composite architecture is prone
to develop a significant amount of thermal-induced microcracking which also contributes to the
relaxation of the residual stresses and hence lowering the displacements around the drilled hole.
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Fig. IV.2: Surface and slice displacements as predicted by the models with original temperature drop ∆𝑇 and
experimental measurements for the corresponding hole location for the orthogonally-reinforced (UNH-008)
composite
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Similar example is provided for the ply-to-ply composite (UNH-001). Fig. IV.3 shows a
circular hole (𝐷 = 1𝑚𝑚, 𝐻 = 0.5𝑚𝑚) location as modeled and drilled in the actual composite
specimen. This hole cuts the horizontal warp tow.

(a)

(b)

Fig. IV.3: (a) Modeled and (b) experimental hole location in the ply-to-ply composite (UNH-001) cutting a warp
tow

A simulation of cooling after curing was performed with original ∆𝑇 = −140𝑜 𝐶 and the
surface displacemetnts around the hole due to the residual stress release were compared between
the numerical predictions and experimental measurements, see Fig. IV.4. The meso-scale model
overpredicts the displacements in the vertical (Y) direction which corresponds to the transverse
local direction of the warp tow being cut. This suggests that there might be potential nonlinearity
present in the actual material specimen, especially, as it was predicted earlier (Fig. III.3) that this
material can experience hydrostatic residual stresses exceeding the critical value. However, in the
horizontal direction (longitudinal to the tow) the model significantly underpredicts the
displacements. The experimental data shows that the hole opens in the vertical direction and closes
in the horizontal direction. This correlates well with the observation that the tows are under
compressive residual stresses longitudinally and under tensile residual stresses in the transverse
direction. In contrast, the simulation results show opening in both directions contradicting the
observation about the residual stress distribution in the reinforcement predicted by the very same
model. This particular effect will be discussed and addressed in Section IV. 3.
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Fig. IV.4: Surface and slice displacements as predicted by the models with original temperature drop ∆𝑇 and
experimental measurements for the corresponding hole location for the ply-to-ply (UNH-001) composite

Fig. IV.5 - Fig. IV.7 present examples of the experimentally observed and numerically
predicted displacements due to blind hole drilling in 3 particular locations of the orthogonally
reinforced composite: in the weft tow, in the binder tow, and in the matrix. The hole depth is
0.5𝑚𝑚 so that it penetrates up to 2 tows, depending on the location. All of the simulations for this
particular architecture were performed with the same adjustment coefficient 𝑘𝑒𝑓𝑓 = 0.214
estimated based on the comparison of the simulated with ∆𝑇 = −140𝑜 𝐶 and measured
displacements. This resulted in ∆𝑇 𝑒𝑓𝑓 = −30𝑜 𝐶. As can be seen, the ∆𝑇 𝑒𝑓𝑓 approach shows good
correspondence between numerical and experimental data for the displacements perpendicular to
the tow direction and for the hole in the matrix. The correspondence for the displacements along
the tow is not as good. We observe significant differences between the warp-direction
displacements due to the hole in the binder and the weft-direction displacements around the hole
cutting the weft tow. Most likely, these discrepancies are due to the local interactions of the
reinforcing tows that are difficult to capture both experimentally (small values or large gradients
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in the displacements) and numerically (numerical model requires a layer of resin material between
tows). The second possible reason is that the nonlinear effects (plasticity, etc.) which we
approximate by the adjustment coefficient in ∆𝑇 𝑒𝑓𝑓 = 𝑘𝑒𝑓𝑓 ∆𝑇 can have different intensity in
different directions and locations of the unit cell. Yet another possible reason is the inhomogeneity
of the temperature distribution and degree of cure during the curing process. Additionally, it has
been shown the orthogonal composite exhibits significant microcracking. The cracks are
distributed nonuniformly throughout the material and may cause local stress relaxation which
cannot be taken into account by the uniform temperature drop change.
The influence of local interactions between the tows can be seen in the predicted
displacements 𝑢𝑦 when cutting the weft tow, Fig. IV.5. The portion of the displacement field
captured above the hole shows good agreement with the experiment whereas the portion from
below the hole is noticeably different. This can be explained by the fact that the hole cuts the weft
tow near the crossing binder (above the hole). The behavior of the material on top of the binder
tow in the weft direction would have a greater impact from the tensile residual stress in the resin
and also from the binder tow. The weft (Y) direction of the specimen is collinear with the
transverse direction of the crossing binder tow above the hole and as stated previously, the
transverse residual stresses in the tows are tensile so the upper portion of the hole edge is subjected
to the tensile residual stress. This observation proves that the model predicts the behavior of the
material with good accuracy when it is governed by the tensile stress in the resin. On the other
hand, when the local behavior of the material is dictated by the residual longitudinal compressive
stress in the tow, there are deviations between predictions and experimental measurements.

71

Y

1000

-4

X

200
-2

-200 0

2

4

ESPI
Model

400

uy, nm

ux, nm

600

600

200
0

-600

-4

-2

0

2

4

-200

-1000

X, mm

Y, mm

Fig. IV.5: Displacement in warp (𝑢𝑥 ) and weft (𝑢𝑦 ) directions around the hole cutting the weft tow in the
orthogonally reinforced composite. ∆T eff = −30𝑜 𝐶

Y

1600

X
uy, nm

ux, nm

1100
600

-2

ESPI

400

Model

0
-4

-2

100

-4

800

-400

0

2

4

-800

0

2

4

-1200

-400

Y, mm

X, mm

Fig. IV.6: Displacement in warp (𝑢𝑥 ) and weft (𝑢𝑦 ) directions around the hole cutting the binder tow in the
orthogonally reinforced composite. ∆T eff = −30𝑜 𝐶

Y

1500

4000

1000

Model
2000

uy, nm

ux, nm

500

-4

0
-2

-500

ESPI

X

0

2

4

0
-4

-1000

-2

0

2

4

-2000

-1500

X, mm

Y, mm

Fig. IV.7: Displacement in warp (𝑢𝑥 ) and weft (𝑢𝑦 ) directions around the hole drilled in the epoxy resin matrix for
the orthogonally reinforced composite. ∆T eff = −30𝑜 𝐶
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Fig. IV.6 and Fig. IV.7 also confirm that the model correlates with the experiments well
when the behavior is governed by tensile residual stress in the epoxy including the displacement
𝑢𝑦 for the hole in the binder and both displacements for the hole in the resin. The warp
displacement curves in Fig. IV.6, both numerical and experimental, show the hole shifting towards
a resin rich region to the right of the hole illustrating the ability of the proposed approach to capture
the mechanics of the material deformation.
Overall, it appears that most of the experimentally observed surface displacements caused
by drilling of blind 0.5 𝑚𝑚 holes in the considered composite are well predicted (both
qualitatively and quantitatively) by the simulations of the residual stresses due to cooling by an
effective temperature drop ∆𝑇 𝑒𝑓𝑓 . This observation allows us to obtain an approximate prediction
of the distribution of residual stresses in the entire unit cell of the composite. As an illustration,
Fig. IV.8 presents distribution of the warp-direction and weft-direction components of the stress
in the tows, and hydrostatic and Von Mises equivalent stresses in the matrix. The actual ranges of
the stresses are −158𝑀𝑃𝑎 ≤ 𝜎𝑥𝑥 ≤ 50𝑀𝑃𝑎, −112𝑀𝑃𝑎 ≤ 𝜎𝑦𝑦 ≤ 26𝑀𝑃𝑎 in the tows, and
−4.5𝑀𝑃𝑎 ≤ 𝜎𝐻 ≤ 25𝑀𝑃𝑎, 𝜎𝑉𝑀 ≤ 25𝑀𝑃𝑎 in the matrix, however the stress concentrations are
very localized so different bounds were selected in the plots for better presentation of stress
distribution. Note that concentrations of hydrostatic residual stresses in the resin of orthogonally
reinforced woven composites have been shown to correlate with the manufacturing-induced
microcracking, see Drach et al. (2018).
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Fig. IV.8: Manufacturing-induced residual stress distribution in the orthogonally reinforced composite for ∆T eff =
−30𝑜 𝐶. (a) Normal stress 𝜎𝑥𝑥 in the warp direction accumulated in the tows, (b) normal stress 𝜎𝑦𝑦 in the weft
direction in the tows, (c) hydrostatic stress in the epoxy, and (d) Von Mises stress in the epoxy. All values are in
MPa

Similar analysis was performed for the ply-to-ply reinforced composite. The holes of
0.5𝑚𝑚 depths were drilled in two locations on the surface of the specimen: cutting a warp tow
(Fig. IV.9) and cutting a weft tow (Fig. IV.10). For this particular material reinforcement
architecture the adjustment coefficient 𝑘𝑒𝑓𝑓 was found to be equal to 0.286 leading to ∆𝑇 𝑒𝑓𝑓 ≈
−40𝑜 𝐶 regardless of the hole location.
Fig. IV.9 and Fig. IV.10 show similar trends in the predictions as in the case of orthogonal
reinforcement. The model with ∆𝑇 𝑒𝑓𝑓 ≈ −40𝑜 𝐶 provides accurate estimates for the displacements
perpendicularly to the tow while showing significant deviations for the displacements in the
direction of the tow. However, this approach can be still considered for the accounting of the
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potential nonlinear response of the composite matrix phase (in resin-rich regions) as it has been
shown that residual hydrostatic stress can exceed the critical value for this reinforcement
architecture of the composite. This issue is addresses in the next section.
The resulting prediction for distributions of the residual stresses in the entire unit cell based
on ∆𝑇 𝑒𝑓𝑓 – approach are presented in Fig. IV.11. The range of the predicted stresses is −48𝑀𝑃𝑎 ≤
𝜎𝑥𝑥 ≤ 15𝑀𝑃𝑎, −65𝑀𝑃𝑎 ≤ 𝜎𝑦𝑦 ≤ 15𝑀𝑃𝑎 in the tows , and −0.3𝑀𝑃𝑎 ≤ 𝜎𝐻 ≤ 17𝑀𝑃𝑎,
2.4𝑀𝑃𝑎 ≤ 𝜎𝑉𝑀 ≤ 16𝑀𝑃𝑎 in the matrix. As expected the manufacturing-induced residual stresses
in the ply-to-ply reinforced composites are lower than in the case of orthogonal reinforcement,
since the residual stresses can be released by deformation in the orthogonal direction.
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75

Fig. IV.11: Manufacturing-induced residual stress distribution in the ply-to-ply reinforced composite for ∆T eff =
−40𝑜 𝐶. (a) Normal stress 𝜎𝑥𝑥 in the warp direction accumulated in the tows, (b) normal stress 𝜎𝑦𝑦 in the weft
direction in the tows, (c) hydrostatic stress in the epoxy, and (d) von Mises stress in the epoxy. All values are in
MPa.

It should be noted that even though ∆𝑇 𝑒𝑓𝑓 – approach in some cases allows to exactly
match the surface displacements around the drilled hole, the predicted spatial distribution of the
manufacturing-induced residual stresses within the composite phases has to be considered as the
first order approximation.

IV. 4. Correlation of the FE models with the experimental data. Resin surface
layer effect
Mesoscale FE models of 3D woven composites sometimes include a surface layer of resin
completely covering the reinforcement tows (Joglekar and Pankow (2017) and Patel et al. (2018))
and sometimes have the tows exposed on the surface (Timoshchuk et al. (2018) and Yan et al.
(2019)). In most cases this thin layer of resin is not important for evaluation of the overall stiffness
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and strength of the material. However, its presence can be crucial for interpretation of the hole
drilling experiments. In this section, we investigate the importance of accurate representation of
the surface topology for successful evaluation of residual stresses in composite specimens.
Fig. IV.12 demonstrates μCT scans of the orthogonal and ply-to-ply composite specimens
with no surface resin layer. This effect can by caused by the compaction of the preform in the mold
during the manufacturing process or by the nonuniform resin flow in the mold resulting in the
presence of a thin resin layer on one surface of the composite plate only. As it has been discussed
in Section II. 4.1. the finite element models of the composites’ UCs can be produced including the
surface resin layer effect.

(a)

(b)
1000 μm

Fig. IV.12: μCT scans of (a) orthogonal (UNH-008) and (b) ply-to-ply (UNH-001) demonstrating absence of the
surface resin layer

To investigate influence of this effect on the predictions of the surface displacements due
to the residual stress release by the meso-scale FE models, we created a set of UCs without the
surface resin layer and all the reinforcement architectures considered in this research, see Table
II.4 for info on volume fractions and volumes of the composite phases in the UCs with and without
resin layer. In this section we present the results of hole drilling simulations for only 5 different
reinforcement architectures using the UCs with and without surface resin layer, see Table III.1
for the parameters of each composite UC and Fig. IV.13 for the images of these UC’s finite
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element meshes. Table IV.1 provides modified sizes of the UCs and a number of finite elements
containing in each model without surface resin layer.
Table IV.1: Modified composites UCs’ sizes and finite element counts

UNH-001
UNH-002
UNH-004
UNH-006
UNH-008

Architecture

# Elements

UC size,
mm×mm×mm

Ply-to-ply
Ply-to-ply
Plain weave
Ply-to-ply
Orthogonal

4,773,203; linear
2,499,645; quadratic
684,105; quadratic
3,141,266; quadratic
597,448; quadratic

10.16×8.467×3.59
8.467×8.467×3.66
5.08×5.08×3.7
12.7×10.16×3.6
5.08×5.08×3.66

We chose 2 hole locations for each reinforcement architecture (typically cutting warp and
weft tows) to allow distinguishing of the influence of various conditions affecting the deformation
of the drilled hole such as tensile residual stresses in the resin leading to the hole opening,
compressive residual stresses in the tows in longitudinal direction leading to the hole closure, or
more complex effects leading to the hole shifts, unsymmetrical displacement fields around it, etc.
Simulations of cooling after curing were performed with the uniform temperature drop of
∆𝑇 = −140𝑜 𝐶 (165𝑜 𝐶 → 25𝑜 𝐶) allowing the composite UC contract freely but preserving the
periodicity of the displacements at the UC’s in-plane faces. Then a portion of accumulated residual
stresses in the UC is released by simulating the blind circular hole drilling (using finite elements
deactivation). All the holes have the same diameter of 𝐷 = 1𝑚𝑚 and depth of 𝐻 = 0.5𝑚𝑚. The
surface displacements around each hole are then plotted as contour maps to allow qualitative
comparison with the experimental measurements and using slice plots along horizontal and vertical
slice lines intersecting in the center of the hole to compare the results quantitatively. The numerical
predictions are reported for both cases of resin surface layer presence and its absence to investigate
how this influences the hole drilling simulations’ results.
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(a)

(b)

(c)

(d)

(e)

Fig. IV.13: Finite element models of the UCs of the ply-to-ply composites (a) UNH-001, (b) UNH-002, (c) UNH006, (d) plain weave UNH-004, and (e) orthogonally-reinforced UNH-008 with and without surface resin layer

IV. 4.1. Ply-to-ply UNH-001 composite, surface resin layer study
Fig. IV.14 shows the location of the circular blind hole cutting the warp tow of the ply-toply (UNH-001) composite. The modeling results for this particular hole location and composite
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architecture were shown in Section IV. 2. There was observed a contradiction between the fact the
tows are under compressive residual stress in the longitudinal direction and that the hole opens in
the same directions as if the released stresses were tensile.

(a)

(b)

Fig. IV.14: Circular blind hole location in the UNH-001 architecture cutting the warp tow (a) as modeled and (b) as
drilled in the actual composite specimen

Fig. IV.15 shows contour maps of the surface displacements around the hole cutting the
warp tow in the UNH-001 composite. It is evident that when the resin layer is removed, the
predictions improve dramatically. Namely, the horizontal displacement (in X direction) shifts from
hole opening to closure and the magnitude of the predicted transverse opening (in Y direction)
reduces significantly becoming much closer to the experimental measurements. This eliminates
contradiction between the residual stress state in the warp tow being cut and the hole deformation
observed in Section IV. 2.
Such an improvement can be explained by the fact the this particular hole deformation due
to the residual stress release is governed by the residual stresses accumulated in the warp tow and
the FE model with a thin resin layer on the surface cannot capture it because the material removed
by the drilling in such model mostly consists of epoxy resin which experiences tensile residual
stresses in all directions. This leads to inaccurate prediction of the surface deformation.
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Horizontal, Ux

No resin layer

Fig. IV.15: Contour plots of surface displacements around the drilled hole cutting the warp tow in the UNH-001
composite. Predictions are for UCs with and without resin layer

Fig. IV.16 shows slice displacements’ plots around the hole cutting the warp tow of the
UNH-001 composite. Slice plots obtained from the simulations using the model without resin layer
on the UC’s surface show significant improvement as compared to the original modeling
prediction. Both magnitudes and shapes of the predicted curves coincide with the experimental
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Fig. IV.16: Slice displacements along the horizontal (X) and vertical (Y) lines through the center of the hole as
predicted by the models and measured for the warp hole in the UNH-001 composite
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Fig. IV.17 shows the locations of the drilled hole cutting the weft tow in UNH-001
composite specimen. Based on the residual stress-state in the composite preform alone, this hole
is expected to open in horizontal direction and close in the vertical direction.

(a)

(b)

Fig. IV.17: Circular blind hole location in the UNH-001 architecture cutting the middle of the weft tow (a) as
modeled and (b) as drilled in the actual composite specimen

Fig IV.18 shows contour maps of the surface displacements around the hole cutting the
weft tow in the UNH-001 composite. The prediction by the model without a surface resin layer
provides more accurate distribution of the displacements around the hole in vertical direction.
However, horizontally, the model with no resin layer still overpredicts the measurements.
No resin layer

Experiment

Vertical, Uy

Horizontal, Ux

Original

Fig IV.18: Contour plots of surface displacements around the drilled hole cutting the weft tow in the UNH-001
composite. Predictions are for UCs with and without resin layer
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Fig. IV.19 demonstrates how the prediction by the model with no resin layer is improved
quantitatively comparing to the original model. Even though the no-resin-layer model predicts
more realistic transverse opening of the hole, the prediction displacements closer to the hole edge
are still larger than the measured values. This can be explained by the presence of the nonlinearity
in the matrix phase of the composite resulting in lover tensile residual stresses in the resin-rich
regions (which is supported by the fact that predicted hydrostatic residual stress in the matrix phase
for this composite exceeds the critical value, see Fig. III.3). The predictions for the vertical slice
displacements by both models correspond to the measurements well further away from the hole
edge, however, the model without the resin layer predicts displacements more accurately closer to
the hole edge removing unrealistic local “opening” of the hole caused by the deformation of the
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Fig. IV.19: Slice displacements along the horizontal (X) and vertical (Y) lines through the center of the hole as
predicted by the models and measured for the weft hole in the UNH-001 composite

Fig IV.20 shows distribution of the manufacturing-induced residual stresses as predicted
by the model with no surface resin layer. It is evident that the modification of the UC did not
noticeably affect the distribution of the residual stresses in the reinforcement and matrix phases.
The tows are under compressive stresses longitudinally to the tow and under tensile stresses in the
transverse direction. The maximum hydrostatic stress is concentrated in the resin-rich pockets in
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the middle of the UC and the maximum von Mises stress is observed in the surface portions of the
matrix phase. The magnitudes of the residual stresses in both composite phases are mostly
unaffected by the absence of the surface resin layer.

(a)

(b)

(c)

(d)

Fig IV.20: Manufacturing-induced residual stress in the UNH-001 ply-to-ply composite material, (a) warp stress 𝜎𝑥
and (b) weft stress 𝜎𝑦 in the preform, (c) von Mises equivalent stress and (d) hydrostatic stress in the matrix phase in
MPa. FE model of the composite UC with no resin layer

Fig. IV.21 provides cumulative distribution of the hydrostatic stress in the matrix phase of
the ply-to-ply UNH-001 composite. The removal of the surface resin layers affected distribution
of the hydrostatic stress with moderate magnitudes (30𝑀𝑃𝑎 < 𝜎𝐻 < 50𝑀𝑃𝑎). This is explained
by the fact that the volume of the matrix phase removed as surface layers was mostly subjected to
the residual hydrostatic stress in this range. In contrast, the maximum magnitude of the hydrostatic
stresses is not affected by the surface resin layer removal.
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Fig. IV.21: Cumulative distribution of hydrostatic stress in the matrix phase of the UNH-001 ply-to-ply composite
material as predicted by the models with and without resin surface layer, blue line shows critical value of the stress

IV. 4.2. Ply-to-ply UNH-002 composite, surface resin layer study
Fig. IV.22 shows the location of the circular blind hole in the ply-to-ply UNH-002
composite material cutting the warp tow. This architecture has denser pick spacing in the weft
plane as compared to UNH-001 resulting in higher volume fraction of weft tows.

(a)

(b)

Fig. IV.22: Circular blind hole location in the UNH-002 architecture cutting the warp tow (a) as modeled and (b) as
drilled in the actual composite specimen

Fig. IV.23 shows contour maps of the surface displacements around the warp hole in the
UNH-002 composite. Similarly to UNH-001, removal of the surface resin layer significantly
improves the predictions. Both distributions and magnitudes of the displacements agree with the
measurement results. The hole opens in the vertical direction and closes horizontally which. This
behavior is driven by the residual stress accumulated in the warp tow being cut by this hole.
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Fig. IV.23: Contour plots of surface displacements around the drilled hole cutting the warp tow in the UNH-002
composite. Predictions are for UCs with and without resin layer

Fig. IV.24 shows that quantitatively, the predictions improved significantly as well when
there is no resin layer in the model. The most noticeable improvement is the elimination of the
unrealistic opening of the hole close to its edge predicted by the model with the surface resin layer.
The magnitude of the vertical displacement is also improved significantly as compared to the
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Fig. IV.24: Slice displacements along the horizontal (X) and vertical (Y) lines through the center of the hole as
predicted by the models and measured for the warp hole in the UNH-002 composite
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Similar comparison between the surface displacements due to the residual stress release is
performed for the hole cutting the middle of the weft tow, see Fig. IV.25.

(a)

(b)

Fig. IV.25: Circular blind hole location in the UNH-002 architecture cutting the middle of the weft tow (a) as
modeled and (b) as drilled in the actual composite specimen

Fig. IV.26 shows prediction of the surface displacements around the drilled in comparison
with experimental results for the weft hole in the UNH-002 composite. The removal of surface
resin layer leads to a significant improvement of the predictions and resolves issue with the
unrealistic hole opening in the vertical direction caused by the tensile stresses in the surface resin
layer.
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Fig. IV.26: Contour plots of surface displacements around the drilled hole cutting the weft tow in the UNH-002
composite. Predictions are for UCs with and without resin layer
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As shown in Fig. IV.27, the numerical prediction is improved significantly and agrees with
the experimental measurements if obtained using the FE model without resin surface layer. Both
vertical and horizontal slice displacements match with the experimental data unlike for the UNH001 composite for the same hole location (cutting the weft tow). It can be explained by the fact
that the matrix phase of UNH-002 architecture composite does not experience any residual stress
relaxation or nonlinearity and hence the behavior of this particular composite can be precisely
predicted by the linear meso-scale model. Additionally, due to the higher weft tows’ volume
fraction as compared to UNH-001, there is less resin surrounding the cut weft tow and hence the
deformation of the material around the hole is controlled by the residual stresses in the tows to a
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Fig. IV.27: Slice displacements along the horizontal (X) and vertical (Y) lines through the center of the hole as
predicted by the models and measured for the weft hole in the UNH-002 composite

The spatial distribution and magnitudes of the manufacturing-induced residual stresses
accumulated in the composite reinforcement are not affected by the removal of the surface resin
layer, see Fig. III.4 and Fig. IV.28. The matrix phase residual stresses are not affected by the resin
layer removal as well. These stresses also follow the same trend as all the other ply-to-ply
composite architectures, namely the maximum hydrostatic stress is observed in resin-rich regions
inside the UC and the maximum von Mises stress is observed in the surface portion of the matrix.
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(a)

(b)

(c)

(d)

Fig. IV.28: Manufacturing-induced residual stress in the UNH-002 ply-to-ply composite material, (a) warp stress 𝜎𝑥
and (b) weft stress 𝜎𝑦 in the preform, (c) von Mises equivalent stress and (d) hydrostatic stress in the matrix phase in
MPa. FE model of the composite UC with no resin layer

The cumulative distribution of the hydrostatic residual stress accumulated in the matrix
phase of the composite shown in Fig. IV.29 follows similar trend as for UNH-001. The volume of
the matrix being subjected to the moderate hydrostatic stress decreases and the maximum
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Fig. IV.29: Cumulative distribution of hydrostatic stress in the matrix phase of the UNH-002 ply-to-ply composite
material as predicted by the models with and without resin surface layer, blue line shows critical value of the stress
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IV. 4.3. Ply-to-ply UNH-006 composite, surface resin layer study
The last ply-to-ply reinforcement architecture considered in this study is UNH-006. This
reinforcement has the lowest volume fractions of the tows as compared to other ply-to-ply
composites listed in this work, see Table II.4. Fig. IV.30 shows location of the hole cutting the
warp tow in this composite as modeled and drilled in the actual composite plate.

(a)

(b)

Fig. IV.30: Circular blind hole location in the UNH-006 architecture cutting the warp tow (a) as modeled and (b) as
drilled in the actual composite specimen

Fig. IV.31 shows contour maps of the surface displacement fields due to the residual stress
release around the hole cutting the warp tow in the UNH-006 composite. It is evident that if the
surface resin layer is absent, the improvement is not that significant as compared to UNH-001 and
UNH-002 architectures. The distribution of the horizontal displacement is improved but the model
underpredicts its magnitude significantly. As for the vertical displacement, the displacement near
the hole’s edge is similar to the measured result, however, the far-field displacements are predicted
to be of the opposite sign. These discrepancies can be explained by several factors. The weft
columns in the composite plate are not vertically straight (Fig. II.4 (b)) which can affect the surface
displacements around the drilled hole as the local interaction between the tows in the actual
composite is not taken into account by the models, for example, unrealistic predicted closure of
the hole in the vertical direction may be caused by the underneath weft tow being cut by the drilling
which releases more compressive stresses in this direction, and if the weft column is not straight,
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the underneath weft tow is not cut by the drilling. Another possible reason for the discrepancy is
the fact that the volume fractions of both wefts and warps are overpredicted in the models (Table
II.4) as compared to the nominal geometry calculations (Table II.1). For example, larger weft
tows’ volume fraction may result in more pronounced closure of the hole in the vertical direction
if the underneath weft tow is being cut in addition to the top warp (predicted by the models) as
there is less matrix between the two tows. The underprediction of the horizontal displacement is
also well explained by the weft columns being not straight. Accordingly, if there is no weft tow
being cut underneath the top warp, there is no “opening contribution” of the cut weft tow
experiencing tensile residual stresses transversely to its central line.
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Fig. IV.31: Contour plots of surface displacements around the drilled hole cutting the warp tow in the UNH-006
composite. Predictions are for UCs with and without resin layer

Fig. IV.32 shows slice plots of the vertical and horizontal displacements around the warp
hole in the UNH-006 architecture composite. The slice plots show that removal of the surface resin
improves prediction of the horizontal displacement but the both models underpredict the
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measurements. As for the vertical displacement, removal of the resin layer slightly worsens the
prediction accuracy farther from the hole edge but improves it closer to the edge. Overall, the
prediction of the vertical displacement is acceptable by both models suggesting that the surface
resin layer effects for this composite reinforcement architecture are not that pronounced as
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Fig. IV.32: Slice displacements along the horizontal (X) and vertical (Y) lines through the center of the hole as
predicted by the models and measured for the warp hole in the UNH-006 composite

The location of the circular hole drilled in the middle of the weft tow in UNH-006
composite is shown in Fig. IV.33.

(a)

(b)

Fig. IV.33: Circular blind hole location in the UNH-006 architecture cutting the middle of the weft tow (a) as
modeled and (b) as drilled in the actual composite specimen

The contour plots of the surface displacements around the hole shown in Fig. IV.33 are
provided in Fig. IV.34. It is evident that the removal of the resin surface layer provides little
improvement to the surface displacement predictions in horizontal direction and a slight
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improvement for the prediction of the displacements in the vertical direction. Both models
significantly overpredict the horizontal displacements and show unrealistic near-edge behavior of
the surface in the vertical direction.
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Fig. IV.34: Contour plots of surface displacements around the drilled hole cutting the weft tow in the UNH-006
composite. Predictions are for UCs with and without resin layer

Fig. IV.35 confirms that both models with and without surface resin layer overpredict
horizontal displacements around the hole and also it is seen that the removal of surface resin leads
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Fig. IV.35: Slice displacements along the horizontal (X) and vertical (Y) lines through the center of the hole as
predicted by the models and measured for the weft hole in the UNH-006 composite
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The overestimation of the horizontal displacements by both models can be caused by the
assumption of linearity. The deformation of the hole in this direction is mostly governed by the
tensile residual stress in the resin-rich regions on both sides of the weft tow being cut by the hole.
It is possible that the actual remaining residual stresses in these regions are lower than it is
predicted by the linearly elastic model. This is confirmed by the fact that the residual hydrostatic
stress in the resin is predicted to exceed the critical value, see Fig. IV.37.
The residual stresses in the reinforcement follow the general trends observed for all the
ply-to-ply composites listed in this research, however, the distribution of the stresses is affected
by the resin layer removal for the surface tows. Namely the maximum compressive stress in the
weft tows increased by 60MPa (−250𝑀𝑃𝑎 → −310𝑀𝑃𝑎), see Fig. IV.36. The matrix phase
remains mostly unaffected by the surface resin layers removal and maximum hydrostatic stresses
are observed in the closed resin-rich regions while the maximum von Mises stress is accumulated
in the surface layers of the matrix.

(a)

(b)

(c)

(d)

Fig. IV.36: Manufacturing-induced residual stress in the UNH-006 ply-to-ply composite material, (a) warp stress 𝜎𝑥
and (b) weft stress 𝜎𝑦 in the preform, (c) von Mises equivalent stress and (d) hydrostatic stress in the matrix phase in
MPa. FE model of the composite UC with no resin layer
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Additionally, the removal of the surface resin layers has virtually no effect on the
cumulative distribution of the residual hydrostatic stress accumulated in the matrix phase, Fig.
IV.37. However, the maximum stress for the model without the resin layer is slightly lower than
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Fig. IV.37: Cumulative distribution of hydrostatic stress in the matrix phase of the UNH-006 ply-to-ply composite
material as predicted by the models with and without resin surface layer, blue line shows critical value of the stress

IV. 4.4. Plain weave UNH-004 composite, surface resin layer study
Fig. IV.38 shows a circular hole drilled in the warp tow of the plain weave UNH-004
composite. For this particular composite, there is no need to consider 2 hole locations as it was
needed for the ply-to-ply materials because this composite’s reinforcement is symmetric (X
direction is equivalent to Y direction).

(a)

(b)

Fig. IV.38: Circular blind hole location in the UNH-004 architecture cutting the warp tow (a) as modeled and (b) as
drilled in the actual composite specimen
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Fig. IV.39 shows comparison between the predicted surface displacements around the
drilled hole and experimental measurements. It is evident that for this particular reinforcement
architecture, the removal of the surface resin layer leads to a slight overall improvement of the
predictions. For the horizontal displacement there is a significant improvement for near-the-edge
displacements and also a substantial reduction of the vertical displacement magnitude is observed
in the prediction by the model without surface resin layer.
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Fig. IV.39: Contour plots of surface displacements around the drilled hole cutting the warp tow in the UNH-004
composite. Predictions are for UCs with and without resin layer

Fig. IV.40 provides slice displacements around the drilled hole in the warp tow of the
UNH-004 composite. It is seen that the removal of the surface resin layer improves the predictions
and makes the agreement between the modeled and the measurement results relatively good. The
most noticeable improvement is observed in the prediction of the horizontal displacement near the
hole edge. The removal of the surface resin layer allows to eliminate the unrealistic hole opening
near its edge which is governed by the tensile residual stresses in the surface resin.
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Fig. IV.40: Slice displacements along the horizontal (X) and vertical (Y) lines through the center of the hole as
predicted by the models and measured for the warp hole in the UNH-004 composite

As seen in Fig. IV.41, the removal of the surface resin layer (similarly to all the ply-to-ply
composites) doesn’t affect the distribution of the residual stresses significantly. The most
noticeable change is increase in the maximum compressive residual stress in the reinforcement.
Additionally, surface tows residual stress state becomes more complex (combination of tension
and compression longitudinally to the tow).

(a)

(b)

(c)

(d)

Fig. IV.41: Manufacturing-induced residual stress in the UNH-004 plain weave composite material, (a) warp stress
𝜎𝑥 and (b) weft stress 𝜎𝑦 in the preform, (c) von Mises equivalent stress and (d) hydrostatic stress in the matrix phase
in MPa. FE model of the composite UC with no resin layer
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The distribution of the residual stresses accumulated in the matrix phase is mostly not
affected by the surface resin layer removal. Fig. IV.42 shows that this process doesn’t change the
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Fig. IV.42: Cumulative distribution of hydrostatic stress in the matrix phase of the UNH-004 plain weave composite
material as predicted by the models with and without resin surface layer, blue line shows critical value of the stress

IV. 4.5. Orthogonally-reinforced UNH-008 composite, surface resin layer study
Fig. IV.43 shows the location of the circular blind hole drilled in the orthogonallyreinforced composite and cutting the binder tow. A set of cooling-after-curing and hole drilling
simulations was performed for this composite architecture using meso-scale FE models with and
without surface resin layer. The simulation results were compared to the experimental
measurements.

(a)

(b)

Fig. IV.43: Circular blind hole location in the UNH-008 architecture cutting the binder tow (a) as modeled and (b)
as drilled in the actual composite specimen
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Fig. IV.44 provides comparison of the surface displacements around the binder hole. It is
seen that both model are unable to accurately predict the deformation of the material around this
particular hole. This can be explained by the fact that as shown in Fig. II.4 (c) and (d), this
particular composite material exhibits significant amount of the manufacturing-induced
microcracking. The microcracking results in significant release of the residual stress which is not
taken into account by the FE models. As microcracking leads to a significant residual stress
relaxation, ∆𝑇 𝑒𝑓𝑓 – approach (Section IV. 2) could be utilized to account for this relaxation and
approximately estimate the magnitude and distribution of the remaining residual stresses.
Additionally, the removal of the surface resin layer changes the surface displacements distribution
insignificantly suggesting that the major source of difference between the predictions and
experimental measurements is severe nonlinear effects in the matrix phase and manufacturinginduced microcracking present in the experimental specimens.
No resin layer

Experiment

Vertical, Uy

Horizontal, Ux

Original

Fig. IV.44: Contour plots of surface displacements around the drilled hole cutting the binder tow in the UNH-008
composite. Predictions are for UCs with and without resin layer
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Fig. IV.45 shows that both models with and without surface resin layer provide similar
predictions for the slice displacements around the binder hole. Numerical predictions are in
disagreement with the experimental measurements especially for the displacements in X direction.
We attribute this to the inability of the utilized models to account for the nonuniform residual stress
relaxation caused by the microcracking. Additionally, Fig. II.4 (c) shows that most microcracking
occurs underneath the binder tow which is being considered. The slice displacements along the Y
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Fig. IV.45: Slice displacements along the horizontal (X) and vertical (Y) lines through the center of the hole as
predicted by the models and measured for the binder hole in the UNH-008 composite

Another hole location is considered in the UNH-008 orthogonally-reinforced composite
specimen, see Fig. IV.46 for the comparison of the hole location in the FE model and the actual
experiment. This hole is chosen to cut the surface weft tow.

(a)

(b)

Fig. IV.46: Circular blind hole location in the UNH-008 architecture cutting the weft tow (a) as modeled and (b) as
drilled in the actual composite specimen
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For this particular hole location, the FE modeling correctly predicts the general distribution
of the surface displacements around the drilled hole (horizontal opening and vertical closure). This
can be explained by the fact that there is no extensive microcracking observed in this region and
apparently the overprediction of the displacements’ magnitudes comes from the assumption of the
material linearity. Similarly to the binder hole location, removal of the surface resin layer does not
affect the predictions significantly.
No resin layer

Experiment

Vertical, Uy

Horizontal, Ux

Original

Fig IV.47: Contour plots of surface displacements around the drilled hole cutting the weft tow in the UNH-008
composite. Predictions are for UCs with and without resin layer

Slice plots shown in Fig. IV.48 confirm the observation that both FE models with and
without surface resin layer provide similar predictions of the surface displacements around the
drilled hole and also both models significantly overpredict the magnitudes of the hole deformation
as compared to the experimental measurements. However, despite the significant overestimation
of the surface displacements, the general trends are predicted correctly (the hole opens in the
direction transverse to the tow and closes in the direction along the tow).
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Fig. IV.48: Slice displacements along the horizontal (X) and vertical (Y) lines through the center of the hole as
predicted by the models and measured for the weft hole in the UNH-008 composite

Both distributions (spatial and cumulative) are virtually not affected by the surface resin
removal, see Fig. IV.49 and Fig. IV.50. All the trends described in Section III. 2 apply in the case
of the model without the surface resin layer for this particular composite reinforcement
architecture.

(a)

(b)

(c)

(d)

Fig. IV.49: Manufacturing-induced residual stress in the UNH-008 orthogonal composite material, (a) warp stress
𝜎𝑥 and (b) weft stress 𝜎𝑦 in the preform, (c) von Mises equivalent stress and (d) hydrostatic stress in the matrix phase
in MPa. FE model of the composite UC with no resin layer
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Fig. IV.50: Cumulative distribution of hydrostatic stress in the matrix phase of the UNH-008 orthogonal composite
material as predicted by the models with and without resin surface layer, blue line shows critical value of the stress

As it has been shown, the surface resin layer effect is not important for the orthogonally
reinforced-composite as the deformation of the surface due to the residual stress release caused by
the blind hole drilling is strongly affected by the residual stresses in the tows which are much more
significant as compared to the residual stress state in the matrix phase. The ∆𝑇 𝑒𝑓𝑓 – approach can
be utilized to account for the massive residual stresses relaxation caused by the microcracking and
other nonlinear effects and approximately estimate the magnitude and distribution of the remaining
residual stresses. However, due to the nonuniform distribution of the nonlinear effects and
microcracking, in order to accurately estimate the residual stress state in such a composite
specimen with significant residual stresses, it is needed to explicitly incorporate nonlinear effects
and material damage into the modeling.
It should be noted that even though incorporation of the surface resin layer effect
significantly improves numerical predictions for the composites with certain levels of throughthickness reinforcement, there is still a discrepancy with experimental measurements. This can be
addressed by extending the models to include nonlinear effects such as viscoplasticity and
microcracking.
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IV. 5. Summary and conclusions of the chapter
It has been shown that in order to use linear meso-scale FE models for interpretation of the
hole drilling experiments, and evaluation of the manufacturing-induced residual stresses in 3D
woven composites, these models have to be correlated to the experimental measurements first.
We proposed an approximate simplified approach to account for the nonlinear effects such
as plastic or viscoelastic behavior of the matrix phase or presence of microcracks in the material
which results in significant residual stress relaxation in the actual composite specimens used for
the hole drilling experiments. Using the ∆𝑇 𝑒𝑓𝑓 – approach, we decrease the actual temperature
drop ∆𝑇 used in the cooling after curing, and perform the simulation of cooling using an effective
temperature drop ∆𝑇 𝑒𝑓𝑓 to account for the residual stress relaxation due to nonlinear effects and
microcracking. This procedure can be briefly described as follows:
1. Perform numerical modeling of the unit cell of a given reinforcement architecture
2. Simulate cooling after curing using original temperature drop ∆𝑇
3. Observe residual stresses and see if there are any potential nonlinear effects
4. Run simulations for the hole drilling experiment strictly controlling the hole location and
depths
5. Observe displacement fields around the hole and compare to the experimental data
6. Establish ∆𝑇 𝑒𝑓𝑓 to match the experimental displacements
7. Obtain residual stress distribution by simulation cooling after curing using ∆𝑇 𝑒𝑓𝑓
temperature drop.
This technique was tested for two different composites (ply-to-ply UNH-001 and
orthogonal UNH-008) and it has been shown that such an approach can help obtain approximate
distribution of the remaining residual stresses in the composites, where, due to nonlinear effects or
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stress relaxation, the linear models overpredict these stresses. This allows to avoid the complex
and computationally expensive nonlinear (viscoelastic-viscoplastic modeling of the composite
behavior, as shown in Leos et al. (2021) (submitted for publication).
An influence of the surface resin layer on the results of the hole drilling simulations was
investigated. It has been shown that for the composites with lower levels of through thickness
reinforcement and hence lower levels of manufacturing-induced residual stresses (ply-to-ply, plain
weave), the resin surface layer effect is crucial for the accurate prediction of the surface
displacements around the drilled circular hole and hence for the proper interpretation of the
experimental measurements. The removal of the surface resin layer allows to avoid unrealistic
predictions for the surface displacements caused by the tensile residual stresses in the surface
layers. Thus, if the residual stresses in the reinforcement are comparable to the residual stresses in
the surface resin (by the magnitudes), the predicted drilled hole deformation behavior due to the
release of the residual stresses can become inaccurate in presence of the surface resin layer and
hence the FE models must be modified to minimize its contribution.
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V.

MESO-SCALE MODELING OF EFFECTIVE COEFFICIENTS OF

THERMAL EXPANSION OF 3D WOVEN COMPOSITES
In this chapter, the meso-scale FE models of two 3D woven composites were used to
predict their effective coefficients of thermal expansion (CTEs). A set of numerical studies to
investigate the influence of the composite being cured at elevated temperature on the results of
effective CTEs prediction was performed. The abstract based on these results has been accepted
to ASC 36TH Annual Technical Conference and the paper is currently in preparation.

V. 1. Determination of effective coefficient of thermal expansion for 3D woven
composites with temperature-dependent properties of constituents
3D woven composite materials can be used for the extreme-performance applications in
aerospace, energy and automotive industries. In these applications, the composites often
experience challenging service conditions including impact loadings (Tan et al. (2000)), cyclic
loadings (Ikarashi et al. (2019), Ma et al. (2020)) and significant variation in service temperature
(Islam et al. (2015) and Wilkinson and Ruggles-Wrenn (2017)).
There are many publications dedicated to the analytical micromechanical predictions of the
effective coefficients of thermal expansion of composites. A comprehensive discussion of
analytical approaches to predict CTE for various microstructures can be found in Sevostianov
(2012). However, when the microstructure of a composite material is of complex morphology,
obtaining analytical solutions for the homogenization of thermo-mechanical properties may not be
possible. In this case, a direct FE modeling approach can be used. For example, Tan et al. (1999)
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used multi-scale modeling to predict effective CTEs of 3D woven carbon/epoxy composites, Ai et
al. (2015) and Siddgonde and Ghosh (2020) used a numerical approach to predict effective CTEs
of 3D woven carbon/carbon composites, and Dong et al. (2017) used FE modeling to predict
effective CTEs of a plain weave carbon/epoxy composite.
As discussed in Karch (2014), there are three general approaches to obtain the effective
second order tensor of coefficients of thermal expansion 𝜶 of a composite material using finite
element models of a composite unit cell. The first approach is to calculate the components of the
effective CTEs using average relative displacement of the opposite faces of the UC in the
corresponding directions. For this approach, the periodic boundary conditions are combined with
zero-traction condition on the faces of the UC and a finite uniform temperature change of ∆𝑇 is
applied to all the finite elements in the model. In this case the effective CTEs are given as follows:
1 𝛿

𝛼𝑖 = ∆𝑇 𝐿𝑖 , (i=x, y, z)
𝑖

(V. 1)

where 𝛼𝑖 is the effective CTE in ith direction, 𝛿𝑖 is the average relative displacement of the opposite
faces of the UC due to the uniform temperature change ∆𝑇 and 𝐿𝑖 is the UC dimension in the ith
direction. However, such an approach makes it difficult to determine non-diagonal components of
the CTE tensor in a general case.
The second approach allows to calculate the effective CTE tensor by expressing it in terms
of the average strain 〈𝜺〉 accumulated in the UC due to a uniform temperature change ∆𝑇. Similarly
to the first approach, the periodicity is imposed on the unit cell and zero tractions are prescribed
to the UC faces allowing the material to freely deform due to the temperature change. Then the
components of the average thermal strain are calculated as follows:
〈𝜀𝑖𝑗 〉𝑈𝐶 =
𝑉

1

𝑈𝐶

∑𝑁
𝑛=1(𝜀𝑖𝑗 )𝑛 𝑉𝑛 , (i, j=x, y, z)
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(V. 2)

where 𝑉𝑈𝐶 is the volume of the UC, (𝜀𝑖𝑗 ) are the local thermal strain component in the centroid
𝑛

of the nth finite element, 𝑉𝑛 is the nth element volume and N is the number of finite elements in the
UC. The effective CTEs are then expressed as follows:
1

𝛼𝑖𝑗 = ∆𝑇 〈𝜀𝑖𝑗 〉𝑈𝐶 .

(V. 3)

This approach allows to obtain all the components of the effective CTE tensor, however,
calculation of the average strain may be computationally expensive, especially for the UCs
modeled with significant number of finite elements.
The third approach is to calculate effective CTEs by applying uniform temperature change
∆𝑇 to the UC with zero macroscopic strains prescribed. Such a loadcase leads to accumulation of
the thermally-induced stress distribution within the material. The effective CTE tensor is obtained
by calculating the average stress 〈𝝈〉𝑈𝐶 similarly to Eq. (V. 2), and substituting it into:
1

𝜶 = − ∆𝑇 𝑺: 〈𝝈〉𝑈𝐶 ,

(V. 4)

where 𝑺 is the 4th rank effective compliance tensor of the composite material and : represents
contraction over two indices. In order to use this approach, the effective compliance tensor of the
composite must be calculated. A possible way to calculate the effective compliance tensor for 3D
woven composites can be found, for example, in Drach et al. (2016). The requirement to calculate
the effective elastic properties to determine effective CTEs makes this approach more
computationally challenging and time consuming as compared to the previous methods. In this
chapter, we utilize the average macroscopic thermal strain approach described by equations (V.2)
and (V. 3).
In the case when elastic moduli and CTEs of the composite constituents depend on
temperature, the calculations to obtain effective CTEs must be carried out for each value of
temperature of interest 𝑇 ∗ . Additionally, it should be noted that the material can accumulate a
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certain amount of thermal strain due to cooling or heating from its reference state (where the
material had zero thermal strains at temperature 𝑇𝑟𝑒𝑓 ) to the temperature of interest 𝑇 ∗ . It is unclear
whether the thermal strain caused by the cooling/heating from 𝑇𝑟𝑒𝑓 to 𝑇 ∗ can be neglected when
predicting effective CTEs using Eq. (V. 1 – 4). In some publications, authors explicitly take into
account influence of the zero-thermal-strain existing at a specified 𝑇𝑟𝑒𝑓 , see for example Dong et
al. (2017) and Gou et al. (2018). At the same time, multiple publications seem to neglect the
thermal strains due to the cooling/heating from the reference state, see for example Ai et al. (2015),
Siddgonde and Ghosh (2020) and Trofimov et al. (2021).
To investigate whether the initial thermal strain can be neglected for the 3D woven
carbon/epoxy composites with temperature-dependent properties of the constituents we compare
two different methods to predict the composites’ effective CTEs. The first method uses Eq. (V. 3)
assuming that the cooling from the reference state can be neglected. The Eq. (V. 3) can be rewritten
as:
𝛼̅𝑖𝑗 (𝑇 ∗ ) =

〈𝜀𝑖𝑗 〉𝑈𝐶

𝑇0 →𝑇1

(V. 5)

∆𝑇

where 〈𝜀𝑖𝑗 〉𝑈𝐶 𝑇 →𝑇 is the average strain in the UC due to the change in temperature from 𝑇0 to 𝑇1 ,
0

1

𝑇0 = (𝑇 ∗ − ∆𝑇⁄2), 𝑇1 = (𝑇 ∗ + ∆𝑇⁄2). In our simulations we used a small value of ∆𝑇 = 2𝑜 𝐶to
determine the CTEs at 𝑇 ∗ .
The second method is to perform direct FE simulations including cooling of the composite
from the reference temperature. Thus, to calculate the effective CTEs at temperature 𝑇 ∗ , a cooling
down from 𝑇𝑟𝑒𝑓 to 𝑇0 is simulated followed by the simulation of heating from 𝑇0 to 𝑇1 . Then the
effective CTE is calculated as follows (modifying Eq. (V. 3)):
𝑐
𝛼̅𝑖𝑗
(𝑇 ∗ ) =

〈𝜀𝑖𝑗 〉𝑈𝐶

𝑇𝑟𝑒𝑓 →𝑇1

−〈𝜀𝑖𝑗 〉𝑈𝐶

∆𝑇
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𝑇𝑟𝑒𝑓 →𝑇0

(V. 6)

V. 2. Numerical experiments for CTEs of carbon/epoxy composites cured at
elevated temperature
Typically, micromechanical simulations to predict effective CTE of composites start with
assigning a temperature change to a stress-free UC. Such method does not account for the
accumulated residual stresses if the material was cured at elevated temperature and then was cooled
down to a temperature of interest 𝑇 ∗ . In this case, to calculate the effective CTEs, Eq. (V. 5) can
be used. However, if the material was cured at a certain temperature 𝑇𝑟𝑒𝑓 , where it was stress-free,
the complete temperature history may need to be included and Eq. (V. 6) might have to be used to
calculate the effective CTEs.
Our numerical simulations show that in some cases Eq. (V. 5) and Eq. (V. 6) provide
different results. There would be no difference if both constituents are temperature independent or
if the CTE of one of the constituents (epoxy matrix in the case of carbon/epoxy composites) is
temperature-dependent while its Young’s modulus is constant. However, if both CTE and Young’s
modulus of the epoxy matrix depend on temperature, the thermal history must be taken into
account.
To illustrate this, we compare the effective CTEs of two 3D woven composites (ply-to-ply
UNH-001 and orthogonal UNH-008) predicted by formulae (V. 5) and (V. 6). For the simulations
we use FE models developed in Section II. The reference state for these composites is assumed to
be taken at the epoxy resin curing temperature 𝑇𝑟𝑒𝑓 = 165𝑜 𝐶. The elastic and thermal properties
of the resin-impregnated carbon fiber tows are given in Table II.6 and properties of the matrix
phase are assumed to be defined by equations (II. 4) and (II. 5) with material parameters provided
in Table II.5. The effective CTEs of both composites are calculated in the temperature range from
-60oC to 100oC with a step of 20oC. The range of temperatures is motivated by such representative
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composite applications as usage for the manufacturing of fan blades and fan cases used in the
LEAP turbofan engines, see Timoshchuk et al. (2018), and main landing gear braces for the Boeing
787 Dreamliner, see https://www.albint.com.
Fig V.1 shows prediction of the effective CTEs in all three directions (x, y and z) for plyto-ply UNH-001 composite material. It is evident that there is a substantial discrepancy between
the predictions made using equations (V. 5) and (V. 6) for CTEs in the directions x (up to 16.5%)
and y (up to 15.7%). The difference between predictions for CTE in direction z (0.1%) is small.
This difference is caused by the inability of the models to account for the variation of the
resin’s elasticity modulus with temperature in the case when cooling or heating from curing
temperature is not included in the simulations. For composites with temperature-independent
constituents, the influence of the mechanical interaction between phases on thermal strain is
constant at any temperature and does not result in additional contribution to the effective CTEs.
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Fig V.1: Effective CTEs in (a) x, (b) y and (c) z directions for the ply-to-ply composite as predicted using equations
(V. 5) and (V. 6)
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The magnitude of the discrepancy between methods (V. 5) and (V. 6) depends on the
difference between CTEs of the phases: if the difference between the CTEs of phases is small, then
the mechanical interaction between phases is not important as both phases deform almost equally
due to a uniform temperature change. This is confirmed by comparably small difference of 0.1%
between 𝛼̅𝑧𝑐 and 𝛼̅𝑧 (Fig V.1 (c)) as ply-to-ply composites have lower through thickness
reinforcement as compared, for example, to orthogonally reinforced materials. Thus, the thermal
behavior in the out-of-plane direction is governed mostly by resin properties as tows’ elastic and
thermal properties in transverse direction are similar to the ones of resin. Additionally, the
discrepancy also depends on how significant the temperature variation of the elastic properties of
the phases is. Thus, if the temperature dependence is weak, the reference state effect can be
neglected.
Fig. V.2 shows predictions of effective CTEs in all three directions for orthogonally
reinforced composite. Similarly to ply-to-ply material, the cooling from curing temperature has to
be taken into account when calculating effective CTEs. The effective CTEs in directions x and y
are predicted to be up to 16.9% and 15.4% lower if cooling is not included. However, unlike the
ply-to-ply composite, the discrepancy between 𝛼̅𝑧𝑐 and 𝛼̅𝑧 is more noticeable and reaches 1.5%.
This is due to more significant level of through-thickness reinforcement.
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Fig. V.2: Effective CTEs in (a) x, (b) y and (c) z directions for the orthogonal composite as predicted using
equations (V. 5) and (V. 6)

Generally, both composites show similar trends in the predicted CTE behavior: CTEs are
nonlinearly dependent on temperature; 𝛼̅𝑧𝑐 is greater than 𝛼̅𝑥𝑐 and 𝛼̅𝑦𝑐 which is explained by the low
amount of through thickness reinforcement as compared to volume fractions of tows in-plane; for
both reinforcements, 𝛼̅𝑥𝑐 < 𝛼̅𝑦𝑐 as volume fractions of warp tows are greater in both cases.
Comparing 𝛼̅𝑥𝑐 between ply-to-ply and orthogonal composites, the effective CTE in the warp
direction is lower for ply-to-ply reinforcement as volume fraction of warp tows is higher
comparing to the orthogonal reinforcement. Similar trend is observed in direction y: higher volume
fraction of tows results in lower CTE.
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V. 3. Summary and conclusions of the chapter
Mesoscale FE models can be utilized to predict effective coefficients of thermal expansion
of 3D woven carbon/epoxy composites. It has been shown that in order to accurately predict
effective CTEs using direct FE simulations, the cooling/heating from curing temperature to the
temperature of interest must be taken into account, otherwise CTEs can be under- or overpredicted.
The farther the temperature of interest from the curing temperature, the greater the magnitude of
the discrepancy can be. The cooling/heating from curing should be taken into account if elastic
properties of the phases vary with temperature and this variation is significant. Another condition,
contributing to the necessity of the cooling/heating from curing being included into the modeling,
is a significant difference between CTEs of constituents. The significant mismatch between the
CTEs of the constituents can lead to an increased contribution of the mechanical interaction
between composite phases (to preserve the material continuity) into the thermal deformations. It
has been shown that this effect is not significant if the volume fraction of reinforcement is low (for
example 𝛼̅𝑧 of the ply-to-ply composite). It has also been shown that the effective CTEs of 3D
woven composites can become non-linear functions of temperature even in the case of linearly
varying elastic and thermal properties of constituents. This effect is caused by the mechanical
interaction between the composite phases.
The correlation of the effective CTEs of carbon-fiber/epoxy 3D woven composites with
the corresponding tows’ volume fractions is observed. The larger the volume fraction of a
particular type of tows the lower the effective CTE in this direction. It has been shown that addition
of through-thickness reinforcement allows tailoring temperature expansion response of the
composite in all three directions in addition to other mechanical and physical properties.
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CONCLUSIONS AND FUTURE WORK
A meso-scale numerical modeling approach in combination with μCT scanning and blind
hole drilling experiments was presented and utilized to evaluate intrinsic manufacturing-induced
residual stresses in 3D woven carbon/epoxy composites. A brief discussion of the results is
summarized below.
A numerical procedure to develop high-fidelity meso-scale finite element models of the
3D woven composites of various reinforcement architectures based on the results published in
Drach et al. (2014) was introduced. The as-woven geometric representation of the composite
reinforcement was obtained using DFMA software (Wang and Sun (2001), Miao et al. (2008)). A
set of high-resolution μCT scans of three composite architecture specimens was obtained and used
to refine the DFMA output resulting in a more accurate representation of the reinforcement
(including preform compaction and irregularities). A new numerical algorithm to remove tow
interpenetrations was developed and presented. It allows to control several parameters of the
reinforcement such as volume fractions of certain tow groups, mesh quality, periodicity, and UC
location in the fabric domain. A meshing technique was presented to obtain high quality finite
element meshes for the composite unit cell. Finite element models of different reinforcement
architectures (ply-to-ply, plain weave and orthogonal) were prepared using the proposed
methodology, see Table II.4. Micromechanical modeling based on results shown in Tsukrov et al.
(2011) was applied to obtain homogenized thermo-mechanical properties of the tows consisting of
carbon fibers and epoxy resin. The meso-scale models development procedure was utilized in the
work published in Tsukrov et al. (2018), Gross et al. (2018), Vasylevskyi et al. (2019), Ewert et
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al. (2019), Gross et al. (2019), Galdino da Silva et al. (2019), Ewert et al. (2020), Vasylevskyi et
al. (2020) and Vasylevskyi et al. (2020).
The developed finite element models were used to predict accumulation of the intrinsic
manufacturing-induced residual stresses caused by the mismatch between coefficients of thermal
expansion of carbon fibers and epoxy resin. The same models were used to simulate blind hole
drilling experiments conducted for evaluation of the residual stresses. These studies provided
information on the patterns of the accumulated residual stresses. Tows experience substantial
compressive residual stresses in the longitudinal direction (tangential to their central lines) and
tensile residual stresses in the transverse direction. The residual stresses in the matrix phase are
mostly tensile with maximum hydrostatic residual stresses accumulated in the closed resin-rich
pockets in the middle section of the composite UC. The maximum von Mises stresses in the matrix
phase are accumulated in the surface rein layers. The magnitude of the hydrostatic residual stresses
was predicted to exceed critical value for the composites with significant through-thickness
reinforcement (orthogonal, and selected ply-to-ply architectures).
A set of parametric studies was performed for the blind hole drilling simulations showing
that the mesh smoothness of the drilled hole edge doesn’t affect the surface displacements due to
the stress release, whereas hole location and its depth were found to be crucial parameters for the
accurate hole drilling simulations. These results were published in Tsukrov et al. (2018), Gross et
al. (2018), Vasylevskyi et al. (2019), Gross et al. (2019), Vasylevskyi et al. (2020) and
Vasylevskyi et al. (2020).
The predictions for the residual stress accumulation were correlated with experimental
measurements of surface displacements around the drilled hole caused by the material removal. A
new approximate approach to account for the potential nonlinear effects and residual stress
relaxation using linearly-elastic meso-scale models called ∆𝑇 𝑒𝑓𝑓 – approach was proposed. It was
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implemented for interpretation of the hole drilling experiments and allowed to obtain an
approximate distribution of the residual stresses in the orthogonally-reinforced composite which
experienced severe nonlinear effects (microcracking, stress relaxation, etc.). ∆𝑇 𝑒𝑓𝑓 – approach
was used in the research published in Vasylevskyi et al. (2019) and Vasylevskyi et al. (2020).
For the composites with low levels of through-thickness reinforcement (ply-to-ply, plain
weave), it has been shown that the surface resin layer effect can become crucial in terms of accurate
prediction of surface displacements around the drilled hole. For the composites in which
magnitudes of residual stresses in the surface resin layers and reinforcement tows are comparable,
the excessive resin volume on the top and bottom surfaces may cause incorrect prediction of the
surface displacements around the drilled hole and hence misinterpretation of the experimental
measurements. It has been shown that accurate representation of the surface of the composite UC
(reflecting the absence of the surface resin layer) leads to a significantly improved match between
the predictions of the surface displacements and the experimental data for the composites with low
and moderate levels of manufacturing residual stresses. The study describing the influence of the
surface resin layer was published in Vasylevskyi et al. (2020).
The developed meso-scale finite element models were used to predict effective coefficients
of thermal expansion (CTE) of 3D woven composites accounting for the temperature-dependent
mechanical and thermal properties of the epoxy. It has been shown that in the presence of a
significant temperature dependence of the resin stiffness and significant amount of the
reinforcement, the fact that the material was cured at elevated temperature must be taken into
account when calculating the effective CTEs of the composite.
The presented work provides useful tools for the numerical and experimental analysis not
only for 3D woven carbon/epoxy composite materials but for a wide range of various fibrous
textile composites.
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As a future work, the developed meso-scale finite element modeling approach can be
modified in several ways:


Include simulations of the preform compaction to improve accuracy of the
reinforcement representation;



Introduce weaving irregularities such as not vertically straight tow columns and
shifted surface tows into the models;



Include more advanced constitutive modeling of the composite phases’ mechanical
and temperature expansion properties to better predict nonlinear behavior of the
composite including visco-elastic-visco-plastic effects;



Investigate alternative mechanisms of the manufacturing-induced residual stresses
accumulation, e.g. nonlinear distribution of temperature and degree of cure of
epoxy resin, its chemical shrinkage, compaction, etc. to capture the material
behavior more accurately;



Modify the models to predict formation and growth of microcracks due to severe
manufacturing-induced residual stresses accumulation.
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